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INTRODUCTION 
One of the major problems in the design of tillage and earth-moving 
machinery is the lack of knowledge of dynamic soil behavior. The design 
of this machinery has been largely a trial-and-error process. Changing 
this design process from an art to a science depends on man's ability to 
identify and quantify soil dynamic behavior properties. 
The variation of the physical properties of soil is known to be 
large. This is due to the variation of environmental factors, such as 
temperature and moisture conditions, and the chemical and physical compo­
sition of the soil. This variation complicates studies of soil dynamics. 
Since the introduction of mechanical power, the operating speeds of 
field implements have been increasing with an accompanying increase in 
draft. The width of a tillage implement required to "process" a given 
acreage during the time available can be reduced if the operating speed 
is increased since the field capacity of the implement is directly pro­
portional to the product of width and forward speed. The increase in 
draft of tillage implements operated at higher speeds has not been 
sufficiently explained by the increased acceleration of the soil. 
The characteristics of shear failure of soils have been observed to 
change as the operating speed increases (15, 36). This may be a reason 
for the increased draft at higher speeds. Another possibility is that 
the soil may exhibit higher strength when structural failure occurs at 
higher speeds. 
Studies (17) to predict forces on machine elements which are in 
contact with soil have pointed out the need for accurate measurement of 
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known and unknown parameters or material properties which characterize the 
dynamic behavior of soils. Gill and Vanden Berg state that: 
The development of suitable stress-strain relationships, which 
in turn define parameters, is one of the more important areas 
of research in soil dynamics. Until such relations are 
determined, one cannot even study the dynamic properties of 
soil because they have not been clearly identified. (18, p. 22) 
3 
OBJECTIVES 
The broad objective of this study was to further the understanding of 
the pertinency of material parameters which influence tillage and traction 
on agricultural soils. Within this framework, the specific objectives of 
this study were as follows: 
1. To develop a technique utilizing the principles of similitude 
for determining the soil parameters pertinent in the study of 
soil-machine systems. 
2. To use soil dynamics applications to test the validity of the 
techniques developed. 
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REVIEW OF LITERATURE 
The need for knowledge of soil parameters which affect the response 
of agricultural soil-machine systems has been recognized by many past and 
present researchers. There are numerous aspects of soil dynamic problems 
which are not well understood such as the relationship of stress and 
strain, structural failure or yielding of compacted soils and the effect 
of rate of stress or strain application. 
Gill and Vanden Berg (18) have reviewed past research on dynamic 
properties of soil extensively. They define dynamic properties of soil as 
properties made manifest through movement of the soil. They suggest that 
strain (e) be defined as natural longitudinal strain (de = dL/L; thus, 
E = In (L/Lg) where = initial length of a line element and L = final 
length after straining) since soil deformations may be large. This 
definition gives a value which is less dependent on the previous history 
of soil deformation (e = In (1 + e); where e = (L-L^)/L^; the common 
definition of longitudinal strain). Gill and Vanden Berg state that: 
Progress in developing stress-strain relations that adequately 
describe soil behavior has been delayed because of the wide 
range of soil and its behavior. The observed nonlinearity of 
stress-strain relations has yet to be mathematically described. 
Simplifying assumptions have been made to circumvent stress-
strain requirements so that some degree of order can be made of 
soil reaction to forces. (18, Pp. 21, 22) 
Soil has been observed by researchers (6, 11, 14, 19) to have a time 
dependent property. Hanson (20) has reviewed many studies in which strain 
rate effects (increasing soil strength with increasing strain rate) were 
observed. Theories of visco-elasticity and visco-plasticity have been 
applied to soil in studies of creep with limited success. Many of these 
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studies dealt with saturated clay mixtures. Most of the soil-machine 
problems, particularly in the agricultural and earthmoving industries, 
involve unsaturated rather than saturated soils. 
Yong and Warkentin (60) discussed various Theological models and 
their applicability to soils. The Burger model, a series coupling of 
simple Maxwell qnd Kelvin models (Figure 1), showed the most promise for 
mechanical simulation of soil stress-strain behavior. They point out 
that the material parameters, K^, ^9 can be computed for one 
particular loading condition but may be different if the loading condition 
is changed. The material parameters vary because of reorientation of 
particles and changes in soil structure under stress. The variation of 
the parameters would conceivably be associated with stress, strain and 
time. This leads to a complex model of soil behavior. 
Cuevas (11) discussed the mechanical behavior of saturated clay 
mixtures and stated that the most important parameters governing response 
were void ratio, frictional characteristics of soil particles, phases in 
the mixtures, effective soil stresses, and loading and thermal histories. 
He also cited the Burger model as being the best mechanical model to 
simulate the response observed. Increasing the temperature of a specimen 
during testing produced the same effect as an increased stress level where 
creep was being observed. 
Yong and Japp (59) proposed a flow law for strain rates of clay. 
The generalized relation is 
o(E,E) = (e,e^)'+ t|j(e) log for 
where 
6 
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Figure 1. Mechanical models of material behavior 
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a(e,c) = major principal stress as a function of e and e 
z = major principal strain 
E = dE/dt = strain rate 
OG(E,EG) = base value of major principal stress at strain E and base 
strain rate of 100 percent per second 
^(e) = stress-strain parameter with units of stress dependent on 
the clay structure and properties of the material. Their 
data indicated that I]>(E) could be adequately defined as ip(c) = 
*Y * * cl£ 
e , for E£E^ and e^e^, y = ^Qg'g" ^ y> ^ ~ natural logarithm base. 
and E^ define an observed discontinuity in the E vs log a relationship. 
Yong and Japp (59) base their proposal on investigations of clay soil 
strength at various rates of sample straining which indicated that beyond 
some minimum rate of strain (100%/sec) the influence of strain rate on 
the observed strength was greater than that encountered for more common 
engineering materials and the fact that that the relationship between O 
and log E/E^ was sensibly linear for any value of E within the limits, 
100%/sec ^  Ê < 2000%/sec. 
Kondner (23, 24) proposed studying dynamic soil behavior in terms of 
response spectra. His data cover spectrums of time from less than 1 
4 
millisecond to more than 10 minutes, moisture content from 18 percent to 
41 percent and strain from 0.0003 percent to more than 22 percent. Stress 
(o), strain (c), and unconfined compressive strength (q) are combined into 
^ pd J.  auiC.  uc^i .  .  xi ic  o  u 1  Cd & L 1  â  XLl~ LXil lC — 
strength response of a cohesive soil was considered under blast pulse. 
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creep, and vibratory steady state loadings in terms of response spectra. 
Kondner's tests were conducted on cylindrical specimens with a length-
diameter ratio of 2.25 for six diameters varying from 0.84 cm to 3.65 cm. 
The compliance parameter (eq/a) was cho sen to include both nonlinearity 
and moisture content effects according to Kondner since moisture contents 
for a particular batch of specimens varied +1.5 percent. 
On the basis of the dynamic stress-strain response (strain less than 
0.3 percent) for the soil tested, Kondner assumed a two-constant, 
rectangular hypcrbolic stress-strain relationship given by a = G/(a+be) 
where a = stress, e = strain, and a and b are parameters of the stress-
strain curve. The range of validity of this assumption may limit its 
applicability in soils which do not exhibit this type of stress-strain 
response curve. 
The data were linearized and normalized and fitted to the general 
compliance form 
J -H (log t) Y(t) 
^ = + H(log t) y(t) 
where (cq/o), H (log t) is the unit step function, H (log t) 
Y(t) represents the time dependent variation of the response and ~— was 
ult 
expressed in terms of q depending on the type of test conducted. 
The initial compliance-time spectrum, J^, was expressed in terms of the 
Gaussian error integral. 
The end result was a complicated mathematical expression which fitted 
Kondner's data quite well. Kondner's data indicate that the stress-
strength ratio (a/q) increases as the strain rate increases for all strain 
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levels, but the difference in a/q, between high and low strain rates, 
decreases as the strain level increases. This indicates that the applied 
strain level both determines the magnitude of the stress response and 
governs the response difference between static and dynamic loadings. 
El-Domiaty and Chancellor (14) reported that visco-plastic concepts 
could be successfully applied to a saturated Grimes clay soil. The 
concepts involved a yield strength defined at zero strain rate and a 
viscous strength proportional to the rate of flow. They found that yield 
strength was independent of stress history and a function of water content 
or porosity. Maximum axial stress tended to occur at lower levels of 
axial strain as the applied rate of strain was increased. The data were 
fitted to the hyperbolic stress-strain relationship given by Kondner. 
Olson and Parola (37) conducted triaxial compression tests on Goose 
Lake clay specimens with varying moisture contents. These specimens were 
subjected to confining pressures up to 1,000 psi and loading rates that 
produced failure in times ranging from 2 milliseconds to 1 hour. The 
increase in compressive strength at increased loading rates was higher 
for specimens compacted at higher moisture contents. At the higher 
moisture content, the average increase in compressive strength increased 
from 2 percent to 18 percent for a decade reduction in time to failure of 
100 min. to 10 min. and 60 ms to 6 ms, respectively. The secant modulus, 
defined at 1 percent axial strain, showed an Increase of about 15 percent 
per decade reduction in time to failure. The strains at failure were 
found to be dependent on the compaction moisture content and the confining 
pressure but independent of loading rate. These data indicate that the 
magnitude of soil "damping" properties are dependent on soil moisture 
10 
contents. No attempt was made to describe their results with a 
mathematical model. 
Stoll (54) suggests that a constitutive relationship to describe the 
static and dynamic response of a granular soil should be based on a model 
in which the soil is considered as a system of discrete particles, but 
points out the analytical difficulties arising from this approach. He 
hypothesizes that total strain is the sum of elastic and inelastic strains 
where the elastic strains are due to soil particle deformation and the 
inelastic strains are due to interparticle sliding. 
Most of the past research (18) conducted has treated soil as a 
continuum rather than a system of discrete particles as suggested by 
Stoll (54). The particles approach attempts to explain why soil acts or 
reacts in a certain way rather than just how the actions or reactions 
occur. 
Different mathematical models (11, 23, 46, 59) have been suggested to 
explain how a soil reacts to chosen stimuli. If all these models are 
correct, then they must be distinct simplifications of a more general 
relationship which has not been determined to date. 
A failure criterion is important in agricultural and earthmoving 
industries since failure of structural strength occurs as soil is 
manipulated. Schofield and Wroth (48) report research where a saturated 
soil was considered an ideal rigid-plastic material and a nonlinear 
elastic-plastic material. Both conceptual models identify similar 
critical state boundary surfaces in a p, q, v space where p = effective 
intergranular pressure, q = axial-deviator stress and v = specific volume. 
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The critical state boundary surfaces are defined so that soil failure 
occurs if the state, defined by p, q and v, lies on the surface or outside 
the volume enclosed by the surface. 
Bailey and Vanden Berg (1) and Dunlap (12) have studied yielding of 
unsaturated soils. Bailey and Vanden Berg hypothesized a three-dimensional 
yield surface for unsaturated soil similar to that of Schofield and Wroth. 
The three coordinate axes were mean .lormal stress, maximum shearing stress 
(one-half of the axial-deviator stress), and bulk weight volume (total 
wet volume divided by the dry weight). Their data seemed to define a 
compaction surface (critical state surface) with coordinates as 
hypothesized. The compaction surface was bounded by a curve as the upper 
boundary of the surface and represented the maximum compaction with 
simultaneous yielding by shear. No distinction between shear and plastic 
flow was made. The data reported by Bailey and Vanden Berg was obtained 
in a modified triaxial test cell where the intermediate and minor 
principal stresses on a cylindrical sample were equal. 
Dunlap*8 work. (12) was an extension of the research conducted by 
Bailey and Vanden Berg. Dunlap studied the influence of an intermediate 
principal stress of different magnitude than the minor principal stress. 
Very low density soil samples (rectangular parallelepiped shaped) were 
compacted hydro^tatically to different levels of mean normal stress; then 
the mean normal stress was held constant as the samples were loaded 
axially. Dunlap concluded that the intermediate principal stress 
influenced the amount of compaction with maximum compaction observed when 
12 
compaction observed when the major (axial) and minor principal stresses 
were equal. Data obtained when the intermediate and minor principal 
stresses were equal agreed with similar data obtained by Bailey and 
Vanden Berg earlier. 
Neither Bailey and Vanden Berg nor Dunlap conducted tests under 
conditions considered to be dynamic. No data were obtained to evaluate 
the influence of loading rate on failure criterion. 
The literature indicates that rates of stress or strain influence 
the behavior of soil but no general constitutive equation with commonly 
accepted soil parameters has been obtained. Thus, it seems appropriate 
that systematic methods should be developed and employed to identify 
pertinent dynamic properties of materials which exhibit behavior not 
adequately described by existing theory. After the properties are 
identified (dimensions defined), then methods to quantify them could 
be developed. 
Most past research has involved some hypothesized conceptual models 
to which data were fitted and the parameters of the model were assumed to 
be appropriate for the phenomena. It would be more straightforward to 
first seek the identity of the parameters or properties and then be 
concerned about the nature of the model. 
Many studies of soil-machine systems utilizing the principles of 
similitude (17) have indicated that present methods of characterizing 
unsaturated soils are not adequate for the study of soil-machine systems. 
Distorted model theory (31) has been utilized in many studies (3, 28, 40, 
performance from observed model performance. Young (61) points out that 
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distorted model theory will probably be required in similitude studies of 
soil-machine systems due to their complexity even if all the pertinent 
soil propercies were known and evaluated. 
14 
DEVELOPMENT OF A THEORY FOR 
PERTINENT VARIABLE DETERMINATION 
The purpose of this study was to determine pertinent soil properties 
which relate to the stress-strain behavior of a soil. The "effect" 
(stress or strain) was hypothesized to be a function of the "cause" 
(strain or stress) and the properties of the system. If stress is the 
"cause" and strain the "effect," then strain = f (stress, properties of 
the system). 
Consider a quantity of material shaped as a right circular cylinder 
of diameter D and length L as shown in Figure 2. Configuration of the 
quantity of material could be any shape, but a right circular cylinder 
was assumed since this is the common shape utilized in soil triaxial 
testing machines. If the sample of material is subjected to a state of 
stress or a state of strain as the "cause," then an "effect" will arise 
as a state of strain or state of stress, respectively. 
In a relatively general case where it is possible to have the inter­
mediate and minor stresses equal, then the generalized list of variables 
associated with Figure 2 are shown in Table 1. Variables associated with 
temperature effects are absent in Table 1 since it was assumed the 
temperature would have no effect. 
The "cause-effect" function may be expressed as P = f (L, D, e, 6, 
, O , t, 5g) or e — g (L, D, 6, A, P, CJ , t, 0^, Cg) 
depending on whether axial deformation, e, is the "cause" or the "effect" 
(Table 1). Considering dimensional analysis and the Buckingham Pi 
Theorem (31) , a dimensionless form of the function may be expressed with a 
15 
a' = minor stress 
P = axial load, 
D = diameter, L 
a' 
Figure 2. Loading conditions on soil core 
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Table 1. General list of variables (refer to Figure 2) 
Symbol Description of variable Dimension 
L Initial length of soil core L* 
D Initial diameter of soil core L 
e Axial deformation at load P and time t L 
6 Radial deformation at load P and time t L 
A. 1 Other pertinent lengths L 
P Axial load on sample at time t and 
deformations e and 6 F 
a' Intermediate and minor stress acting on 
sample at time t FL"^ 
t Time after load or strain was applied 
to the sample T 
Pertinent soil parameters without dimensions, 
j ~ 2, •••) p 
Pertinent soil parameters without dimensions 
of time, k = 1, 2 
s 
Pertinent soil parameters with dimensions of 
time, s = 1, 2, . , . , r 
•k 
111 Lnia column L represents the dimension oi length, F represents 
the dimension of force, and T represents the dimension of time. 
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total of 5+p+q+rpi terms (8 + p + q + r variable - 3 basic 
dimensions). The dimensionless form can be stated as 
4PL 
TT n-i 
= 0 
L' D' L' L ' - ' ' 
Xi-Yi 
a , b 
^1^ 
Equation 1 
where a = 2, 3, q; b = 2, 3, r. The dimensionless form could 
also be stated with e/L as the dependent parameter and 
4PL 
x^+2 
ÎT n, 
as an independent parameter, 
The numerical values of x^, and are unknoxm powers of length 
and time as shown in Table 1. These values could be determined which 
would make it possible to describe the pertinent soil properties qualita­
tively. Since the dimensions of a variable (its qualitative description) 
do not change and y and are powers of the dimensions L and T as 
shown in Table 1, then values of x, , y and z would be constants. 
' k' •'s s 
Considering the theory of models (31) » » (sub-subscript 
m 
refers to the model) if corresponding independent pi terms of the model 
Xy+2 
4PL 
and the prototype are equal. From Equation 1, "iï, = r = TT , if the 
n D m 
roiiowing aesign conaitions are satisriea: 
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^2 ~ "^2 ' ^2 ~ 
m 
"^3 ~  ^ 3 ' where ït^ = L/D 
m 
TT = Ti where fr = 6/L 
4 4 4 
m 
~ ~5 ' where .i^ = A^/L 
m 
TT = TT where TT = 
x,+2 
a'L 
6 6 ' 6 n, 
TT^ = TT^ , where tt^ = 0^ 
m 
^1^ 
ng = , where 
Xi-Yi 
m 
^1 ^  
X, -X 
IT = Wg , Where tt = 
m ^ 'l 
"l-fb 
^0 = %' "here = — 
t ^ 
It should be noted that there could be more than one each of tt^, tt^ 
and tTJ^ Q (pi terms containing soil parameters) . It is also assumed that 
the same phenomenon governs the behavior of the model and prototype. 
If the model and prototype are composed of the same material so that 
x^+2 x,+2 
^ 4PL 4PL 
"j • \ • \ ° Ss' thS" r ' J-
m m m TT H T H 
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x^+2 
when ïï^ = TT^, tt^ = o'L 
m m m m 
x^+2 
= 0'_ 
V^i ^ 1 ^1 X -X X -X T 1 b 
L  . l a  , 1 a  ,  L  
, L = L and 
z, m z. 
Xi-Yx ,Xi-yb 
m 
The last three 
m 
equalities are necessary for TTg = Tig, and = tt^Q, and they 
mm m 
place constraints on the pertinent soil properties that can be studied 
^l~^a 
without distortion. The condition L = L implies that x, = x : 
m l a 
V^i 
X, is constant for all values of k. From the condition 
k Z-, 
r^^ i 
m 
^i-yi 
and assuming z, fO, the time scale becomes t/t = (n) where n is the 
1 m z. 
length scale. The condition 
L /Tl-b 
m L 
gives a time scale 
m 
*i-yb 
t/t = (n) 
m 
xj-yi 
assuming z^ fO. Thus, ^ 
Xl-^b 
must equal r . This 
results in the restriction (z^-z^) = z^y^ - z^y^. 
The latter restriction raises some interesting possibilities of y^, 
y^, z^ and values. If y^ = y^, then y^, s = 1, 2, r, must equal 
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provided that . If z^ = z^, then all y's must be equal but not 
necessarily equal to x^. 
The load, P, supported by a soil core with a strain e^L in the steady 
state condition (t-^) should be proportional to the cross-sectional area 
of the core supporting the load. The load divided by the cross-sectional 
area is average stress, and if the stress is constant over the cross-
sectional area then as the area is increased or decreased the load 
2 
supported will be increased or decreased proportionally. Thus Pcc D of 
4P 
—J is a constant as t-x». The function relating IT, to the independent pi 
TTD 
terms should be valid for all time, 0 t £ however, as t-«», Tg and 
have negligible effect on the value of the function (Equation 1). Thus as 
4P 2 4P m P D 
t-x» with —T = —Y~'> , the load scale, P/P , becomes — = —r = 
ttD ÏÏD m m D 
m m 
£)2 x^ 4-2 
—77 n for all n values when the design conditions are satisfied and 
D 
m 
x^+2 
the same material is used in the model and prototype. Then, n =1 
and the exponent of n, x^+2, must be zero. In this case, x^ = -2 and 
since x = x. , then x, = -2. 
a 1 k 
The rheology models which have been applied to soils as previously 
discussed all require a time scale (t/t^) of unity. All material 
-2 -2 
in the number of properties and location of properties in the mechanical 
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model analogy. 
There are a number of ways that experiments could be conducted to 
determine pertinent variables based on the previous theory development. 
One procedure would involve a series of load relaxation tests on samples 
of different sizes. 
The operating conditions of load relaxation tests required to 
satisfy the design conditions, assuming the same material in the model 
and prototype, could be e /L = e/L = 0 for t and t <0 and e /L = 
^ mm m— mm 
e/L for t and t >0. The data from each sample would be in the form of a 
TTl 
load versus time curve (P vs. t) . If the design conditions are satisfied, 
then Equation 1 could be reduced to 
x,+2 ,*i"^i ,/r^b-1 
4PL 
2 
7T D n. 
= i) 
^1 ' 
or 
4PL 
x^ +2 
TT D Hi 
- t 
for s = 1, 2, 3, ...r. 
Xl-Yg Zg 
Considering the pi term (E^L as dependent and 
x\+2 
4PL % as independent, the reduced function may be stated as 
TT D 
-2-y 
4P 
71 n 
Equation 2 
/.p 
for •/., = -2. So when ^ n = n. , f, = C and 0 => 0 
ttD ttD m m m 
m 
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(same material in model and prototype), then L m . The 
z z 
t ® t ® 
m 
4P data may easily be presented in terms of r versus t curves so that 
IT D 
4P 
= h(t) for the prototype and — = h_(t_) for the model. 
IT D IT D 
2 mm 
m 
4Pm 
The condition = — (equal axial stresses in model and 
TT D TT D 
m 
—2—y 
Ss L ' 
prototype) becomes h (t ) = h(t). Then = [h(t)] and 
mm z s 
-2-y 
>• 
= ijj ' [h (t )]. Dividing the "model" function by "prototype" 
Hi t 1 m 
s mm 
m 
Zg 2+y^ 
function gives (t/t^) ® n ^ [h(t)] = 
2+y. 
(!) 
4/[h(t)] 
for the same material in the model and prototype and under the design 
conditions. If = ip' (same governing phenomenon in model and 
2+y 
•^s 
t Is 
prototype), then — = (—) 
m 
Equation 3 
The functions h(t) and h (,t ) could be aeterminea from the load 
m m 
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relaxation curve data. It would be expected that the functional form be 
the same for both if the same phenomenon controls the relaxation response 
of the models and prototypes. Setting = h(t) and solving for t/t^ 
should give a time scale value for a given length scale n. Then a plot of 
log t/t values versus log n values should yield a straight line with 
slope equal to . 
Another procedure would involve conducting a series of strain rate 
tests. The deformations (e and 6) becone functions of time. Time, t, as 
a variable shown in Table 1 could be replaced with deformation rate, è, 
with dimensions of LT Then the "cause-effect" function may be 
expressed as P = f (L, D, e, é, ô, a', 0^, rij^j • The dimension-
less form of the function may be expressed as 
4PL 
x^+2 
7T n, 
= F 
A *1+2 E 
e L 6 ^i a'L . ^1 
-, iy 
x,-x 
1 a 
L' D' L' L ' Hn 
niL HiL 
Vb""! 
Equation 4 
z 
y ' x^ +2 
With as the dependent pi term and z as an independent 
y +z -X, _ rx2 _ 
nil. 
S s 1 
4PL 
ïï D" n 
pi term, the functional relation may be stated as 
z 
niL 
y +z +2 ^s 
s s 
e L 6 ^i a' ^ ^a 4P 
D- L- -• 77; 
IJ 
Equation 5 
"k 
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If the corresponding independent pi terms L/D, Ô/L, A^/L, a'/o^, 
0. and n /n, for the model and prototype are equal, then a reduced 
J a 1 
functional relation may be stated as 
4P 
Equation 6 
The data from each sample at a giv«;n deformation rate, è, would be 
in the form of a load versus deformation curve. These data may be 
4P G 
represented as a r versus — curve. If model and prototype samples of 
TT D 
the same material are deformed at deformation rates ê and é, respective-
m 
ly, such that z 
4P . e ,^s é ^ 
m 4P , m e e m 
when r— = — then 
D ^   ^ FS+ZS+Z ' 
m L L 
m 
The deformation rate scale and the length scale would be known, so 
. ^ 1 y +2 
G S S 
considering -r— = n , the exponent of n, + 1, may be 
m s 
determined. 
The time scale, t/t , can be determined from the deformation rate 
m 
y +2 y +2 
s + 1 
scale, e/e , since — = n () = n so that — = ^ 
m' e \t / t \ n I 
m m ^ / 
z 
s 
Both procedures discussed have the same final expression of the time 
scale as would be expected. The latter procedure could be utilized t;o 
25 
check the validity of results obtained from an experiment conducted based 
on the first procedure. A time scale, t/t^, could be determined by the 
first procedure which could be used to determine a deformation rate scale, 
è/ê . Then with è/è defined, a series of tests could be conducted such 
m m 
that the design conditions for Equation 4 of the litter procedure were 
satisfied. The result should be 
4P ^^m 
T if the model and prototype are composed of the same material. 
TT D IT D 
m 
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EXPERIMENTAL METHODS AND PROCEDURE 
The theory and procedures previously discussed were based on the 
specification that material properties were the same in the model and 
prototype. Thus, soil cores of different sizes wit.i the same material 
properties needed to be prepared. A satisfactory method of preparing soil 
cores of different sizes had to be developed before experiments to deter­
mine pertinent soil properties could be conducted. 
Soil Core Preparation 
Soil cores were formed in five different sizes with nominal 
dimensions and measured dimensions shown in Table 2. 
Table 2. Dimensions of soil cores 
Soil Nominal Measured 
core dimensions dimensions L/D 
size D X L D L ratio Volume 
in. cm cc 
1 1 x 2  2.53 5.13 2.028 25.79 
2 1-1/4 X 2-1/2 3.14 6.25 1.990 48.40 
3 1-1/2 X 3 3.79 7.47 1.971 84.27 
4 2 x 4  5.08 9.97 1.963 202.08 
5 2-1/2 X 5 6.28 12.63 2.011 391.21 
A 2-1/2 X 5 inch soil core was the maximum size that could be tested 
in the available soil triaxial testing apparatus originally built by 
Schafer (44) and modified by Shumân (49). 
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Two soil types, Hiwassee sandy loam and Lloyd clay loam, were used 
for most experiments. Decatur clay loam soil was used in only one series 
of tests because this soil proved to be very difficult to prepare. The 
mechanical analysis, mineralogical analysis, chemical properties and 
rheological indices of these soil types are shown in Table 3. 
The quantity of water required to increase the moisture content of 
the soil from an air dry condition to a moisture content within the range 
which the soil could be molded into soil cores was thoroughly mixed with 
the soil. The mixed soil and water was sealed in a plastic bag and 
allowed to set for 18 to 24 hours before soil cores were formed. This 
time period permitted the soil moisture movement to reach an equilibrium 
state. 
The soil cores were formed in right circular cylinder molds (Figure 
3). Each mold consisted of two halves which facilitated removal of soil 
cores, two end pistons which were used to compress the sample and two 
clamps which held the halves together during soil core molding. The 
inside of the mold halves and the end pistons were coated with teflon to 
minimize friction during soil core formation. 
The quantity of soil required for a selected density of a soil core 
was weighed on a Mettler Balance, Type K7T, which could be read to the 
nearest 0.02 gm. The weighed soil was placed in a mold held in an upright 
position (Figure 4) with the lowsr end piston partially in place so that 
when the upper end piston was inserted, the volume of soil would be 
centered in the mold. This allowed the soil to be compressed equally from 
each end during the formation of a soil core. 
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Table 3. Properties of soil types* 
Hiwassee Lloyd Decatur 
sandy loam clay clay loam 
Sand (%) 73.1 23.2 26.9 
Silt (%) 10.9 17.2 43.4 
Clay (%) 16.0 59.6 29.7 
Sp. Gr. 2.66 2.72 2.69 
Clay fraction 
Kaolinite (%) 
Gibbsite (%) 
55 
10 
68 
6 
48 
Cation exchange capacity (me./100 gm) 4.6 5.3 8.1 
Organic matter (%) 2.53 1.69 1.15 
pH 5.8 5.7 5.0 
2 
Specific area (m /gm) 50.3 81.1 
Lower plastic limit 
(% H^O, dry weight basis) 14.3 23.5 17.5 
Lower liquid limit 
(% H2O, dry weight basis) 16.6 54.8 
30.3 
Plasticity index 
(% H2O, dry weight basis) 2.3 31.3 
12.8 
Sticky point 
(% HgO, dry weight basis) 16.0 31.7 
21.5 
*Data obtained by private communication with personne] at the 
National Tillage Machinery Laboratory, Auburn, Alabama, 1968. 
Figure 3. Soil core molds 
Figure 4. Placement of soil in a mold 

The mold with soil was placed in a horizontal position centrally 
located between the two hydraulic rams of the soil core press (Figure 5). 
The end pistons of the mold were forced to their inner position with the 
hydraulic soil core press. The end pistons were held in the inner posi­
tion for approximately one-half minute to minimize axial swelling of the 
soil core when pressure on the hydraulic rams was released. 
The end pistons and clamps were removed and the mold was opened for 
removal of the soil core. The soil core was carefully removed from the 
mold half and placed in a desiccator jar for storage (Figure 6) until a 
series of tests was conducted. A free water surface was maintained in 
the desiccator jars to reduce evaporation of moisture from the soil cores 
Thirteen soil cores (3 - l"x2", 3 - l-l/4"x2-l/2", 3 - l-l/2"x3", 
2 - 2"x4" and 2 - 2-l/2"x5") were placed in a desiccator jar. This 
combination was chosen because greater variability was expected in the 
small soil cores. Bulk density variation and sample imperfections were 
expected to influence the response of the smaller soil cores more than th 
larger soil cores. The soil cores were stored in a desiccator jar for 
approximately 12 hours before conducting a series of tests. 
Wet Bulk Density and Moisture Content of Soil Cores 
A search of the literature (18, 32, 33, 34, 39) revealed that the 
maximum shear strength of a remolded soil core was highly dependent on 
its bulk density, moisture content and whether the soil core was in the 
process of wetting or drying. The material properties of soil cores used 
iu Luc experiments were checkea tor unitormity by determining average wet 
bulk density and average moisture content on a dry basis of each soil 
Figure 5. Central location of soil core mold in hydraulic soil core 
press 
Figure 6. Finished soil cores 
33 
34 
core. 
To determine the variation of wet bulk density and moisture content 
within soil cores, a device was constructed that could measure the volume 
of mercury displaced by a soil core. This apparatus is shown in Figure 7. 
Data were collected for variation with respect to the radius and core 
length for all five soil core sizes. 
Each soil core was weighed before its volume was determined. The 
initial volume of a soil core was determined by submerging the core in 
mercury. The amount of mercury displaced by the core was collected and 
weighed. The volume of mercury displaced was calculated from the weight 
displaced. The soil core was then reduced in size by trimming some soil 
from around the core to determine wet bulk density and moisture content 
variation in a radial direction (Figure 8), or from each end of the core 
to determine variation along the core length. 
Some of the trimmed soil was collected to determine its moisture 
content. None of the soil exposed to the mercury-soil interface was used 
for moisture content determinations; however, error may have been 
introduced in the moisture content data due to minute amounts of mercury 
entering the pores of the soil. Error caused by mercury in the soil 
would be more significant in the small soil cores, since smaller amounts 
of soil were collected for moisture content data and the collected soil 
was nearer the mercury soil interface during submergence. 
The data are presented as graphs of moisture content (M.C., %), dry 
weight basis, and wet bulk density (W, gm/cc) versus the ratio of reduced 
VUJ-UIIIC Lu lui Lia. Volullic (V/V ) lu Fl&Uicb 9 IG ctllJ FigULct> 11 aûù 12, 
Figure 7. Mercury volume displacement apparatus 
Figure 8. Reduced soil core after trimming and submergence showing 
mercury in pores on left end 
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respectively. There is a slight trend of decreasing density with 
decreasing radius; but this trend appears to be the same for all soil core 
sizes. 
There was an observed decrease from the radial trend in density for 
the small soil cores (1x2 and 1-1/4x2-1/2). An explanation of this 
decrease at small V/V^ values is probable error associated with measure­
ments of small volumes. For small volumes, the mercury volume displaced 
may be larger than the reduced soil core volume being measured due to the 
meniscus formed between the soil core volume and the surface of the 
apparatus in contact with the soil core. This measured volume could 
cause the density to apparently decrease since the wet bulk density was 
determined by dividing the weight of the reduced soil core by the 
measured volume. 
No consistent trend in wet bulk density versus volume ratio was 
observed along the longitudinal axis of the soil cores. The wet bulk 
density for the smallest V/V^ value of the smallest (l"x2") soil cores 
was low compared to other values. This was probably due to volume 
measurement error. The variation of wet bulk density between soil core 
sizes does not appear to be substantially different from the variation 
within the soil cores. 
There was no observed trend of moisture content variation that was 
consistent for both soil types and all core sizes. The Hiwassee sandy 
loam soil cores showed a concave trend of moisture content versus volume 
ratio in the axial direction which was not apparent with the Lloyd clay. 
A thin layer of compacted soil at the ends containing pores smaller than 
in the interior of the core may have been created during formation of the 
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soil cores. This may have been caused by capillary action forcing the 
soil water towards the ends. The expected variation of pore size in the 
Lloyd clay soil cores would be less due to its cohesion rather than 
friction. From this analysis it was concluded that the techniques 
developed to prepare soil cores produced model and prototype soil cores 
with reasonably equivalent material properties. 
Load Relaxation Experiment 
A series of load relaxation tests were conducted to provide data for 
definition of the time scale by the procedure previously outlined. Six 
sets of load relaxation tests were conducted. Table 4 shows the set 
identification (JS-7, etc.); soil type, maximum, minimum and average 
values of wet bulk density and moisture content; and minor stress condi­
tions imposed on the soil cores. Appendix B presents the wet bulk density 
and moisture content data for each soil core and the overall means and 
variances of these data. These tests were conducted at the National 
Tillage Machinery Laboratory in Auburn, Alabama during the summer of 1968. 
Experimental procedure and instrumentation 
Thirteen soil cores were prepared and temporarily stored in a 
desiccator jar for each set of tests. Each soil core was weighed on a 
Mettler Type K7T Balance just prior to being placed in the triaxial 
testing apparatus. The average wet bulk density of each soil core was 
calculated using the observed weight. Porous end caps (Figure 13) were 
placed on the lower end of the soil core to allow for escape of soil air 
if there was a decrease in pore space in a tested soil core. A thin 
Table 4. Characteristics of soil cores in load relaxation experiment 
o ' 
Set Soil Wet bulk density Moisture content (dry basis) Minor 
idc ntif ication type Minimum Average Maximum Minimum Average Maximum stress 
(gm/cc) (%) (psi) 
JS-7 Hiwassee 1.965 1.970 1.976 10.32 10.81 11.22 0 
JS-8 Lloyd 1.618 1.622 1.631 18.58 19.38 19.69 0 
JS-9 Hiwassee 1.968 1.970 1.973 9.82 10.48 10.99 10 
JS-10 Lloyd 1.617 1.620 1.639 18.42 19.06 19.51 10 
JS-11 Hiwassee 1.939 1.943 1.945 7.99 8.19 8.51 0 
JS-12 Decatur 1.853 1.859 1.866 15.16 15.53 15.82 0 
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rubber membrane was placed over the cylindrical surface of the soil core 
and fixed to the end caps with rubber bands. This membrane prevented 
entry of air into the cylindrical surface of the soil core when air 
pressure was applied to produce equal minor and intermediate principal 
stresses and to contain the sample if failure occurred while conducting a 
test with the triaxial machine. 
The triaxial testing machine used by Shuman (49) was modified by 
attaching an air cylinder (Figure 18) previously utilized by Bailey and 
Vanden Berg (1) to the frame supporting the plexiglas tube encasing the 
triaxial cell. A compressed air supply (80 psi) was connected to the air 
cylinder and the flow of air into and out of the air cylinder was con­
trolled with a solenoid actuated valve. The solenoid was controlled by 
a switch indicated by an arrow in Figure 15. 
A soil core fitted with end caps and a rubber membrane was placed 
into the triaxial testing machine (Figure 14) and the strain gaged load 
cell was seated into the top cap. The weight of the load cell and piston 
rod assembly was counterbalanced with two negator spring motors so that 
no axial stress could be applied to the sample prior to testing. 
The amount of axial strain (0.01 in./in. for all sets except for 
JS-8 which was 0.005 in./in.) that each soil core was subjected to was set 
with a thickness gage. The thickness gage was placed between the machined 
surface of the upper stop on the piston rod assembly and the machined 
surface of the lower stationary stop (Figure 15) attached to the frame 
of the triaxial testing machine. 
Since the piston rod assembly was not a completely rigid system, some 
Figure 13. End caps for soil cores 
Figure 14. Soil core positioned in the triaxial cell 

Figure 15. Adjustment to limit axial strain 
Figure 16. Piston rod assembly parts 
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allowance for deflection of the assembly was made. The spring constant 
(deflection per unit of load) of the piston rod assembly including the 
load cell was found to be approximately 0.00005 in./lb. The steady state 
load supported by a soil core was estimated in order to estimate the 
amount of deflection of the piston rod assembly. This estimate of 
deflection was added to the deflection of the soil core required for a 
given strain to obtain the total clearance between the stops that was 
required. The strain gaged load cell was tested for linearity and found 
to be sufficiently linear (Figure 17). 
If desired,minor stress was applied after the axial strain increment 
was set. Then the recording oscillograph (Offner Type S Dynagraph, 
Figure 18) was adjusted so that the pen recording axial load was on the 
chart line representing zero axial load. Minor stress was applied by 
regulating the air pressure within the zriaxial cell. The oscillograph 
amplifier for the load cell was set to give a desired maximum full scale 
load which was dependent on the soil core size being tested. The 
Moseley X-Y Recorder pen (Figure 18) was set at the zero-zero position. 
The signal output from buffer amplifiers representing zero axial load was 
recorded on analog magnetic tape with a 14-channel Precision Instruments 
Model 2100, Magnetic tape recorder (Figure 18). This provided a reference 
on magnetic tape which was used later for data analyses. 
The desired oscillograph chart speed for the test was selected and, 
just prior to strain application, a switch was actuated that produced a 
constant voltage recorded on one channel of the magnetic tape. This 
signal was used to control the analog computer in later data analyses. 
After all the foregoing adjustments and checks, the solenoid valve 
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between the compressed air supply and the air cylinder was actuated allow­
ing air to enter the cylinder and subsequently strain the soil core. The 
rise time (time required for strain to reach desired level) could not be 
accurately determined on the oscillograph chart or the x-y recorder due 
to the frequency response of the oscillograph and the slewing speed of 
the x-y recorder. 
The axial load signal was recorded until the load appeared to remain 
constant. The time required for this was approximately 100 seconds for 
the Hiwassee soil cores and approximately 200 seconds for the Lloyd soil 
cores. The effects of strain history were observed from three equal 
strain increments on each soil core. 
Each soil core was removed from the triaxial test machine after three 
strain increments had been applied (Figure 19). A portion of each soil 
core was retained for moisture content determination. Moisture content 
was determined by weighing the wet sample and drying in an oven at a 
temperature of 105°C for 18 to 24 hours. Then the moisture content 
samples were sealed and placed in a desiccator jar to cool to room 
temperature to prevent excessive moisture absorption during cooling. 
After cooling, the dry weight of the moisture content samples was 
determined. 
Figure 18. Overall view of equipment and instrumentation 
Figure 19. Soil cores after application of three strain increments 
53 
54 
DATA ANALYSIS 
Analog Data Analysis 
Examples of the raw data output from the oscillograph and x-y 
recorder are shown in Figures 20 and 21. The data were recorded on analog 
magnetic tape at a tape speed of 1-7/8 in./sec to facilitate analyses of 
the data on an analog computer. The data were played back for subsequent 
analyses at 15/16 in./sec to reduce the effects of the slewing speed of 
the x-y recorder which was utilized to give graphical representation of 
analog data analyses. The original load relaxation curves were converted 
2 
to axial stress (4P/nD ) relaxation curves and were reproduced at the 
slower tape speed (Figure 22). The voltage analogous to time, t, was 
generated by output from an integrator with a constant input voltage. 
The effect of electrical zero drift of signal input to the tape 
recorder just prior to a load relaxation test was nullified with a track 
and hold circuit (Figure 23) on the EAI TR 48 analog computer. The 
constant voltage signal that was produced on tape just prior to strain 
application on a soil core by actuation of a switch was used to auto­
matically switch the analog computer from the IC (initial conditions) to 
OP (operational) modes of operation. The effect of signal drift due to 
slight tape speed changes during recording was eliminated by also record­
ing a grounded reference on one channel of magnetic tape. The grounded 
reference signal was inverted (made negative) and added to the load 
relaxation signal from magnetic tape thus canceling any error due to 
fluctuating tape speed. 
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Figure 20. Oscillograph record of a load relaxation test 
30 
Figure 21. An x-y recorder record of the load relaxation curves 
for a soil core 
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Figure 22. An example of axial stress relaxation 
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Figure 23. Track and hold zeroing circuit 
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It was necessary to determine a functional relationship which 
2 
adequately described the axial stress relaxation curves [(4P/TrD ) vs. t] 
2 
for further data analyses. Stress relaxation occurred between AP/TTD at 
2 
t = 0 and ("steady state" stress) at t ^ Thus, (4P/7TD ) -
versus t was considered. Values of o were determined from the 
00 
oscillograph records. A search for transformations generated on the 
analog computer that would yield a linear relation between a transform of 
2 (4P/ïïD ) - and a transform of time, t, was conducted. 
2 
The first transform investigated was (4P/TTD ) - versus log t. 
2 
This transform would produce a linear relation if the relation (4P/nD ) -
= A^e was true for the data (e = natural logarithm base and A^ and 
A^ are coefficients). This transform gave an unsuitable curvilinear 
relation. 
2 
The transformation of log [(4P/TTD ) - O^] versus log t was also 
2 investigated. This would be a suitable transformation if (4P/TTD ) - = 
S 
C^t , where and are coefficients. The first attempt to perform the 
2 
transform log [(4P/7TD ) - a^] on the analog presented problems as time, t, 
2 increased. As t then [(4P/7TD ) - a^] 0 which caused the 
2 
analog computer circuit for log [(4P/ïïD ) - O^] to be unstable. 
2 
To eliminate this problem, the time integral of (4P/TTD ) - G , 
t 
R 4P \ (—2 ~ o^) dt, was considered (Figure 24). J TTD 
,2, _ „ ^2 If (4P/TrD ) - = C^t , for t> 0; Equation 7 
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4P *"1 
then I (—- - a ) dt = ——T • Equation 8 
4 " ^2 
Thus, if the relation was true for the data, then a plot of 
t 
log 
n 
4P (— - O dt 
o 
J ttD^ 
versus log t should give a straight line. This 
relation appeared to adequately describe the data (Figure 25). The 
portions of the curves farthest left (Figure 25) do not represent 
meaningful data since instability of the circuit for log t occurred for 
values of time near zero. The circuit was controlled to prevent the 
instability. The input signal to the log t circuit was E (constant 
voltage) for t £ At and e^ for t > At where e^ was a voltage proportional 
to lapsed time and At was large enough so that the log t circuit would be 
stable. 
r*- 4P 
Plots of I (—r - o^) dt versus t were generated from the data stored 
4) TTD 
on magnetic tape for each load relaxation curve. Data from these plots 
were used in further analyses on a digital computer. 
Digital Data Analysis 
I 4P Ordinate values of \ (—~ - o^) dt for equally spaced values of t 
J  TTD 
o 
were visually determined for each relaxation curve. Forty values per 
curve were determined for data set JS-7 but only 20 values per curve were 
determined for all other load relaxation data sets, due to the time 
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Figure 25- Example analog computer output of log \ (—r - O^) dt versus 
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log t 
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required. 
The ordinate and abscissa values for each curve were used to 
determine estimates of and in the model, 
4P ^1 ^2+1 
1  ( — - -  a  ) dt = t . A Fortran program (Appendix A) was 
J ^2 ^ 
o 
developed to determine estimates of and on the IBM 360 Model 65 
digital computer at the Iowa State University Computation Center. 
The model (Equation 8) was transformed to give 
4P 
log 1 (—2 " = log 
4 
The least squares method of curve fitting (50) was applied to the 
transformed model and least squares estimates of log [C^/(C2+1)] and 
(C^+l) were obtained from the logarithms of the ordinate and abscissa 
values for each curve. From these estimates, C^ and C^ were calculated 
where C^ and C^ are estimates of C^ and C^, respectively. A modified 
2 
multiple regression coefficient (R , Appendix B) was calculated as a 
2 
measure of the degree of fit of Equation 8. R was calculated as 
n « 
z  (Y  -Y  ) "  
^2 ^ i=l , Equation 9 
R — 1 — 
" - 2 Z (Y . -Y )^  
i=l 
r'i 4P 
where Y = the ordinate value of j (—-r - a^) dt, 
. i ttd 
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C C +1 
and Y = E Y /n (n = number of ordinate values for curve). 
i=l 
2 
If Y^ = Y^ for i = 1, 2, 3, .n, then R = 1 which would indicate 
"perfect fit." A survey of the results shown in Appendix B indicates 
that the hypothesized model (Equation 8) can be fitted to the data very 
well (Figure 26) indicating that the hypothesized model is an excellent 
approximation of the "true model", if not the "true model." The estimated 
values of (C^) show only small variation for relaxation curves in a 
data set of the same strain step so that it appears that is constant 
for a given strain (e/L). 
There are some known factors which may have caused some variation of 
O^, and Cg. These data may have been influenced by core size, strain 
history, soil core moisture content and soil core wet bulk density varia­
tion. Thus, the data were statistically analyzed to determine the 
influence of these factors. 
The statistical model utilized was 
^ijk^ " ^ y+Ai+Bj+ABjj+6i(x^-x^)^j^^+62(x2-X2) ijk^+^ijk^ 
which is a factorial model including covariance, where 
y , =  a n  o b s e r v e d  v a l u e  o f  a  ,  C ,  o r  C „ .  ijk^ 00' 1 2 
= mean of the y population. 
A^ * core size effect due to core size i; i = 1, 2, ..., 5. 
1 r 
0.00 y.00 8.00 12.00 
OBSERVED 
Figure 26. Example of degree of fit of mode 
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Bj = strain history effect due to strain step j; j = 1, 2, 3. 
AB.. = interaction of i th core size effect and j th strain step, 
ij 
«1-p, - regression coefficient of moisture content deviation of core 
sample. 
x^-x^ = moisture content deviation from average moisture content of 
data set. 
= regression coefficient of wet bulk density deviation effect. 
= wet bulk density deviation. 
e. = error assumed to be independently and normally distributed 
i 
with common variance, = k2 = = 3, = k^ = 2. 
The wet bulk density deviation was cubed in the statistical 
model since the effect of density deviation on soil strength appears to be 
nonlinear (44). The statistical model was analyzed by least squares 
regression techniques with the factors A^, and AB^^ being represented 
by the design matrix (51) of a 3x5 factorial design. This procedure was 
required because of unequal replication of soil core sizes (k^, k^, k^ f 
k^, k^). The results of this analysis are shown in Appendix C. Table 5, 
Table 6 and Table 7 summarize the analyses of variance in Appendix C. 
The analysis indicates that the interaction effect of core size and strain 
history (AB) is not a significant factor in most cases. 
Soil core size (Factor A) was significant at the 1 percent level for 
0^ and in all data sets. Strain history (Factor B) was significant at 
the 5 percent or 1 percent level for a and in most data sets and was 
significant for except in data set JS-9. Soil core size was significant 
for in data sets JS-8 and JS-10. 
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Table 5. Summary of ANOV of a 
Source of Level of signif icance for data set 
variation JS—7 JS-8 JS-9 JS-10 JS-11 JS-12 
A 1% 1% 1% 1% 1% 1% 
B 1% — U 1% 1% — 
AB 5% — — 
x^-xi 5% 1% 1% 1% 
X - ,3 1% 5% 1% 1% 
Table 6. Summary of ANOV of 
Source of Level of significance for data set 
variation JS-7 JS-8 JS-9 JS-10 JS-11 JS-12 
A 1% 1% 1% 1% 1% 1% 
B 5% 5% 1% 1% 
AB 1% 1% 
Xi-Xi 1% 1% 1% 1% — 
1% 1% — 
Table 7. Summary of ANOV of 
Source of Level of significance for data set 
variation JS-7 JS-8 JS-9 JS-10 JS-11 JS-12 
A 1% 5% — 
B 5% 1% 5% 1% 1% 
AB — 
Xi-Xi 1% 1% 1% — 
(x_-x_)^ — — 1% 1% — — 
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The covariants were not consistently significant for all data sets 
but the moisture content covariant was significant for 0^, and in 
data sets JS-8 and JS-10. Lloyd clay, which was the soil type used in 
JS-8 and JS-10, has a higher clay content than the Hiwassee sandy loam. 
The clay content could cause the Lloyd clay to be more sensitive to 
moisture content variation. This sensitivity is reflected also in the 
analysis of variance of Soil core size and moisture content variation 
were significant in data sets JS-8 and JS-10. Observation of the moisture 
content data in Appendix B for data sets JS-8 and JS-10 indicates there 
was a correlation of soil core size and moisture content (as size 
increases, moisture content increases). This correlation may have been 
the cause of soil core size being significant for in data sets JS-8 
and JS-10. The fact that one or both covariants were significant except 
for data sets JS-9, JS-11 and JS-12 points out that small variation of 
moisture content and wet bulk density can affect the load relaxation 
response of soils. 
Method of Determining Time Scale 
The data from the load relaxation curve analyses and C2 
values) were used to determine the relationship of the time scale and the 
length scale. 
-Z-^s L ^ 4P 
m , m 4P From Equation 2, = when r = —-, tt. = tt. 
z z _ 2 ^ 2 'i 1  
s s ttD îtD m 
t t m 
m 
(i = 2, 3, 4, 111, 7) and the same material exists in model and prototype. 
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4P ^2 
If —T = + C,t (from Equation 7) as suggested by the data analysis, 
TTD 
4Pm . ^2 . 
then = —- is equivalent to t = + C^t . Rearranging 
TTD UD MM 
m 
. S 
Cljm * 
% = h 1. But at t, t a = a when the same material 
r r m =" * y^ r y  /\ V ^  lU 
Clt Cit 
. S 
Cl^tm " 
exists in model and prototype, so ^— = 1. The time scale, t/t , 
becomes t/t = [C^ /C,where u = 1/C„ if C„ = C„ as suggested by the 
m 11 2. L L 
m m 
statistical analysis of in four of the six data sets (Table 7). 
The unknown exponent, (2+y^)/z^, could be determined from Equation 3, 
(2+yg)/Zg 
t/t^ = (1/n) , after the time scale is determined. A plot of » 
^ u 
log [C^ /C^] vs. log n should give a straight line with a slope equal to 
m 
- (2+ys)/:s" 
2 ^2 The restrictions are AP/TTD = A+C,t , o =a and C „  =  C _ .  00 2 ' 00 OO 2 2 
m m 
The restriction that = C2 for a given strain step was met by data 
m 
sets JS-7, JS-9, JS-11 and JS-12. The restriction, a = 0 , was not 
'  ' 0 0  0 0 '  
m 
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satisfied. Although the restrictions were not fully satisfied, plots of 
log [C^ /C^]" vs. log n were observed for trends (Figure 27). The data 
m 
showed a trend in some cases. The reason for a trend for some data sets 
and not for others could not be determined because a # 0 . Since the 
00 00 
m 
restrictions were not always satisfied, some model-prototype systems 
appeared distorted. 
Data were selected such that and (Appendix B). 
m m 
The criterion was -0.01 < C„ - C„ <0.01 and 0.95 < a /a <1.05. 
— } J — — 00 00 — 
m m 
Plots of log (C^ /C^) vs. log n (Figure 28) for each data set with three 
m 
or more selected data points and a plot of all selected data points were 
observed for trends. Plots for data sets JS-8, JS-9 and for all data 
sets combined appear to indicate that /C^ increases as n increases. 
m 
A plot of log [C^ vs. log n is expected to give a straight line 
m 
with slope of - (2+y^)/z^ where u is considered constant for all plotted 
data. Then a plot of log (C^ /C^) vs. log n should give a straight line 
m 
- . . 2+ys 
with a slope equal to -C„(2+y )/z • A value of C„(2+y )/z and —z— 
z ^s s s s 2 
s 
was calculated for each data point since previous statistical analysis 
indicated that was not the same for all strain increments and data 
sets. The average value of C^^Zfy .)/z was -0.4991 with a standard 
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niMuvi VMsr I am 
Uîî'» î»|» J A 
li • ® 
H ' --5 -r- -i;--{kniM 5C«Lt.n 
JS-10 
I # 11MM fm I X tmi* m» I • 
t 5 -1 v ' ' k 
.tN&IH SCALE, n 
uSi cur 
i 9 i t  ifi 
-, Ç—1—S-
LtNGTM SCALE.n 
*•—surstf. 
1 : ' ÎI » 
I * 
a 
-, r--^—r-LCNSIH SCdLt.n 
tlMI* ît|» } iiuik Itir I 
U i ( 
h I 
= % 
LENGTH SCALE.n 
JS- 12 
otcwn* ctM* LOW, 
Ml: 
i " : 
; • !, -
'.cw-rn 
Figure 27. Plot of the time scale versus the length ecale 
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m 
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deviation of 0.0490. An unbiased estimate of the average value^ of 
(2+y^)/z^, île^{1+Y^IzIlZwas 1.509 with a standard deviation of 
0.1687. This gives a 99 percent confidence interval on the time scale 
of (l/n)l-9G3 < t/t < (l/n)l'°5t. 
— m — 
Consideration of distortion 
Some model-prototype systems appeared to have unequal material 
properties when ^ 0^. This suggests the possibility of 
m m 
and Y Ç = Ç when o ^ a where a and y are ratios of n /n and 
s s s oooo ks kk 
mm m 
4 /C , respectively. Since the values of and ^ are not known, the 
m 
values of and cannot be directly determined. 
The variation of values may be associated with the variation of 
values since the values of are influenced by the load relaxation 
characteristics of samples and are material properties which influence 
load relaxation. Soil core size was not a significant factor for 
(Table 7) In data sets JS-7, JS-9, JS-11 and JS-12 which may indicate that 
''L, T y 'hi. 
's 
"'"Fuller, Wayne A., Department of Statistics, Iowa State University, 
Ames, Iowa. Estimate of ratio. Private communication. 1969. 
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4P 4P 00 
As O^, so that the pi term —-— becomes —. A design 
uD ™ nDTT 
k 
a 
CO (J 
in 00 
condition (Equations 1 and 2) that should be satisfied is -— = —. 
m 
a 
00 u 
m 00 
But OL n, = , so the design condition becomes = —. If a, = a 
K k k " a, r], n, k 
m k k k 
(same for all n, ), then a measure of a would be a /o . For 0 < t < «>, 
C O C O —  —  '  
m 
4P 4P^ 
the design condition, r— = —%—, becomes = a —^ provided 
TTD n, ÎTD TI- ÎTD TTD 
m i l  m  
m 
all other design conditions for Equation 2 have been satisfied, then 
s m s m , L m 
= 1 . = becomes = 
z z z z z z 
^1 t t ' ^1 Cm ' c ' * "m ' 
m m 
c 1/Zg (2+ys)/=s 
and — = a (1/n) under the foregoing assumptions. 
m 
4P^ 4P 
The design condition = a —- may be expressed in terms of 
TTD ÏÏD 
m 
/\ C2 /\ C2 
time, t, as aa + C, t = aa + aC,t . This design condition defines 0° 1 m 00 1 f 
m 
the time scale as t/t = [C^ /aC^So t/t = [C, / C,]" = 
m i l  m i l  
m m 
l/z (2+y )/& 
a (1/n) ® 
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The unknown and were determined by a multiple regression 
technique (53) for each strain step of each data set. The data were 
fitted to the statistical model 
S log (C^ /C^) = 6^ log a + $2 log n + e where = ~+ 1, 
m s 
^2 = ~^2 (2+yg)/Zg and e is random error. Table 8 shows the results of 
this analysis and Table 9 gives the range of a values for each data set. 
The standard deviations of (2+y )/z and z were calculated as 
s s s 
suggested by Cochran (8) assuming the covariance of and (2+y^)/z^ and 
the covariance of and z^ are zero. Only two (2+y^)/z^ values (Table 
10) are not significantly different from zero. An unbiased estimate of 
the average value of (2+y^)/z^, Z{C^{2+y^was 1.362 with a 
standard deviation of 0.1849. This gives a 99 percent confidence 
interval on the time scale of (1/n)^'^^^ < t/t < (1/n)^'^^^* The 99-
— m — 
percent confidence interval on z was -0.994 < z < -0.386. 
s — s 
The mean of (2+y^)/z^ for this analysis (1.362) was within the 99-
percent confidence interval of the mean from the selected data (a^ = 
A. ^ m 
S ' c,). 
m 
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Table 8. Estimates of coefficients in log (C /C ) = g log a + 
$2 log n + E m 
^ Standard ^ ^ Standard 
Data set (B^-1) deviation 6^ deviation 
(6i-i) 
JS-7 
Strain step 1 0.579 0.049 -0.111 0.103 
2 0.553 0.034 -0.357 0.040 
3 0.549 0.C36 -0.298 0.058 
JS-8 
Strain step 1 0.412 0.083 -0.640 0.045 
2 0.621 0.064 -0.492 0.041 
3 0.740 0.040 -0.489 0.034 
JS-9 
Strain step 1 1.951 0.178 -0.988 0.096 
2 1.608 0.154 -0.579 0.085 
3 1.240 0.291 -0.454 0.140 
JS-10 
Strain step 1 0.465 0.096 -0,650 0.110 
2 0.137 0.123 -0.427 0.094 
3 0.150 0.114 -0.488 0.090 
JS-11 
Strain step 1 0.539 0.052 -0.466 0.051 
2 0.457 0.040 -0.210 0.054 
3 0.509 0.044 -0.158 0.089 
JS-12 
Strain step 1 0.813 0.064 -0.210 0.067 
2 0.689 0.065 -0.284 0.073 
3 0.493 0.075 -0.339 0.095 
1 (Bj^-l) = least square estimate of C^/z^. 
2 
^2 = least squares estimate of C2(2+y^)/z^. 
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Table 9. Maximum and minimum a values 
Data set Maximum Minimum 
JS-7 
Strain step 1 1.751 0.748 
2 1.995 0.693 
3 2.968 0.575 
JS-8 
Strain step 1 1.319 0.793 
2 1.486 0.803 
3 1.865 0.836 
JS-9 
Strain step 1 1.362 0.774 
2 1.326 0.785 
3 1.260 0.843 
JS-10 
Strain step 1 1.879 0.442 
2 1.430 0.575 
3 1.398 0.578 
JS-11 
Strain step 1 2.162 0.727 
2 3.369 0.757 
3 5.346 0.768 
JS-12 
Strain step 1 2.087 0.704 
2 2.529 0.758 
3 2.902 0.758 
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Table 10. Estimates of z and (2+y )/z 
s s s 
Standard Standard 
deviation deviation 
/s /n  ^ /\ /\ q 
Data set z (z ) (2+y )/z [(2+y )/z ] Calc. t 
S s s s s s 
JS-7 
Strain step 1 -0.632 0.057 0.303 0.288 1.073 
2 -0.717 0.046 0.898 0.102 8.760* 
3 -0.717 0.048 0.756 0.148 5.091* 
JS-8 
Strain step 1 -0.616 0.125 2.521 0.189 13.277* 
2 -0.466 0.049 1.700 0.149 11.395* 
3 -0.419 0.024 1.575 0.116 13.568* 
JS-9 
Strain step 1 -0.161 0.016 3.133 0.331 9.454* 
2 -0.220 0.022 1.630 0.243 6.699* 
3 -0.299 0.071 1.224 0.382 3.199* 
JS-IG 
Strain step 1 -0.523 0.109 2.670 0.466 5.729* 
2 -1.936 1.749 1.611 0.361 4.455* 
3 -1.761 1.348 1.848 0.347 5.315* 
JS-11 
Strain step 1 -0.644 0.064 1.339 0.150 8.906* 
2 -0.852 0.076 0.538 0.140 3.842* 
3 -0.787 0.069 0.394 0.222 1.769 
JS-12 
Sttain step 1 -0.405 0.032 0.638 0.204 3.123* 
2 -0.499 0.048 0.826 0.214 3.859* 
3 -0.751 0.115 0.913 0.256 3.561* 
^Calc. t = student's t test under the null hypothesis that 
(2+yg)/z„ = 0. 
*Significant at the 1% level. 
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DISCUSSION OF RESULTS 
The values of (2+y^)/z^ for data sets JS-9 and JS-10 were signifi­
cantly higher than the values from other data sets in the latter analysis 
where some distortion was considered. It was assumed that an, = H, 
k k 
m 
where a = o /a when distortion was considered. The minor stress, a', 
CO 00 .  ^ ' 
m 
was zero for data sets other than JS-9 and JS-10, The minor stress, u', 
was 10 psi for all soil cores in data sets JS-9 and JS-10 which satisfied 
the design condition a /ri, = o /n, only when n, = H, but did not 
m k k k k 
m ra 
satisfy this design condition when (ct ^ 1). Thus, the higher 
m 
values of (2+y^)/z^ for data sets JS-9 and JS-10 may have resulted from 
m m 
Nonuniform seating of the end caps on the soil core may have been a 
source of variation. If the end caps did not contact the soil core ends 
uniformly or were not parallel, then the soil core may have experienced 
strain different than desired. This source of variation was minimized 
by slightly preloading the soil core when it was placed in the triaxial 
machine to seat the end caps. 
Hanson's data (20) were utilized to investigate the validity of the 
results of this study. Hanson studied the dynamic shearing resistance 
of cohesive soils. His experimental data were obtained from 2- and 
3-inch diameter soil cores which were sheared at two points along the 
77 
length of the core. Data were obtained for a range of shearing 
velocities. Data from three soil types were investigated (Norfolk sandy 
loam, Ida silt loam and Luton silty clay) which were different from the 
soils in this study. 
Hanson's study was reviewed and the variables considered to be 
pertinent for his study were L, D, d, R, V, 0^, and as defined 
in Table 11. This list of variables was combined into dimensionless pi 
terms such that 
—= f(D/L, d/D, X./L, 0, , V Ç /n,D ) 
TTD 
since nine variables are listed and there are three basic dimensions. The 
design conditions for a model-prototype study become D /L = D/L, d /D = 
^ mm mm 
z y +z +2 
d/D, A. /L = X./L, 0. = 0 and V ^ Ç /n, D ^ ® = 
1 m 11 m m s k m 
m m mm 
z y +z +2 
V D ^ ^ . If the same material exists in the model as in the 
prototype (0. = 0., and = Ç^), then the latter design 
^m j m m 
i+!!i 
z y +z +2 z y +z +2 z 
condition becomes V ^/D ^ ® = V ^/D ^ ^ or V /D = 
mm mm 
V/D ® . 
The results of this study show that 1.056 ^  (2+y^)/z^ £ 1.963 
(99 percent confidence interval) with 1.509 as an estimate of the mean of 
(2+y^)/z^, If one considers 1.5 as an estimate of (2+y^)/z^ (mean rounded 
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Table 11. List of variables for Hanson's (20) study 
Symbol Description of variable Dimensions 
L Length of soil core L* 
D Diameter of soil core L 
d Deformation for a corresponding load 
and velocity L 
X. 1 
Other pertinent lengths L 
R Load on soil core F 
V Velocity of shearing LT"^ 
Pertinent parameters without dimensions 
\ Pertinent soil parameters without dimensions of time FL"^ 
'-S 
Pertinent soil parameters with 
dimensions of time 
*In this column L represents the dimension of length, F 
represents the dimension of force, and T represents the dimension 
of time. 
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to the nearest 0.1), then the latter design condition becomes 
9  ^ 2 5 
V /D = V/D^-^. 
m m 
If the variables in Table 11 adequately define the variables 
2 
controlling the phenomenon in Hanson's study, plots of 2R/tîD (stress) 
2.5 
versus V/D ' should coincide for model and prototype soil cores of the 
same material when all other design conditions are satisfied. 
Hanson (20) considered two points on the "stress-strain" curve for 
each soil core as most important. These points were the point where 
initial yielding occurred (point where the "stress-strain" curve 
significantly departed from a straight line) and the point of maximum 
stress. The difficulty of defining the yield point on the "stress-strain" 
curve was pointed out by Hanson as the cause of more variation in the 
yield point data compared to the maximum stress data. 
Hanson used multiple regression techniques to obtain relationships 
between soil shearing stress (yield point and maximum stress) and the soil 
variables that he measured. He reported that soil shearing stress was 
affected by soil core size when the strain rate (inches per inch per 
second) was the same for both the 2- and 3-inch diameter soil cores. 
Thus, the stress observed in a prototype soil core was not adequately 
predicted by the stress observed in a model soil core with the same 
material properties when the time scale was equal to unity. Hanson did 
not report an investigation of the time scale as defined by properties of 
the soil cores. 
With the time scale defined by the results of this study, model soil 
corc response was used to predict prototype soil core response based on 
80 
the dimensional analysis of the variables in Table 11. These responses 
2 
are shown in Figures 29, 30 and 31 as plots of 2R/ttD (stress) and d/D 
2.5 (strain) versus V/D * . The difficulty of defining the yield point may 
2.5 
explain why plots of maximum stress versus V/D * for model and prototype 
appear to coincide closer than plots of yield stress. 
It was assumed that model and prototype soil core were of the same 
material and that inertial and gravity effects were not significant. 
Some of the scatter of the data in these plots may be due to invalid 
2.5 
assumptions; however, the plots of stress versus V/D ' for the 2- and 
2.5 
3-inch diameter soil cores tend to coincide when the strain versus V/D 
curves tend to coincide (d /D = d/D). When a time scale as defined in 
m m 
this study was used, prediction of prototype soil core response by model 
soil core response from Hanson's study was greatly improved. 
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SUWIARY AND CONCLUSIONS 
The prediction of the performance of prototype soil-machine systems 
from measured performance of model soil-machine systems utilizing dimen­
sional analysis and similitude principles has been pursued by several 
researchers. The principles of similitude have been used in many soil-
machine system investigations with varying degrees of success. 
A review of past research indicated a need for further investigation 
into the soil parameters pertinent to soil-machine systems. This study 
was undertaken to pursue the following objectives: 
1. To develop a technique utilizing the principles of similitude for 
determining the soil parameters pertinent in the study of soil-machine 
systems. 
2. To use soil dynamics applications to test the validity of the 
techniques developed. 
Five sizes of soil cores (geometrically similar right-circular 
cylinders) were prepared and tested at the National Tillage Machinery 
Laboratory at Auburn, Alabama. Three soils were used: Hiwassee sandy 
loam, Lloyd clay loam and Decatur silty clay loam. Six series of tests 
were conducted; three series in the Hiwassee soil, two series in the Lloyd 
soil and one series in the Decatur soil. 
Soil cores prepared from the same soil for a test series were formed 
so the soil parameters in all five core sizes would be as nearly the same 
as possible. The bulk density of each soil core was controlled by the 
wet weight of soil used to form the soil core. 
The soil cores were subjected to strain in a triaxlal test machine, 
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and load on the soil cores versus time data was observed. Minor stress 
(10 psi) was applied in addition to the applied strain for two series of 
tests; one series in the Hiwassee soil and one in the Lloyd soil. 
A technique was developed from the principles of similitude whereby 
the dimensions of pertinent soil parameters could be studied. The 
following list of variables was considered pertinent to the stress relaxa­
tion characteristics of a soil core: 
Symbol Variable Dimensions 
1. L Initial length of soil core L 
2. D Initial diameter of soil core L 
3. e Axial deformation at load P and time t L 
4. 6 Radial deformation at load P and time t L 
5. Other pertinent lengths L 
6. P Axial load on soil core at time t F 
7. 0' Intermediate and minor stress acting on 
the soil core at time t FL 
8. t Time after load or strain was applied to 
the soil core T 
9. 0 .  Pertinent soil parameters without 
J dimensions, j = 1, 2, p 
10. Ti^ Pertinent soil parameters without x^ 
dimensions of time, k = 1, 2, q FL 
11. Ç Pertinent soil parameters with 
dimensions of time, s = 1, 2, ..., r FL T 
Eight unique and independent pi terms were formed from this list of 
variables. 
The design conditions for a model to prototype prediction of load 
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!!!= 
z 
relaxation lead to a time scale (t/t ) of t/t = (L /L) ^ 
m mm
when the soil parameters and the phenomenon governing model and prototype 
performance was identical. This development provided a means of studying 
the unknown quantity (2+y^)/z^. 
Data from model and prototype tests were used to establish the rela­
tionship between the time scale (t/t^) and the length scale, n (n = L/L^). 
4P ^2 
The function —- - a = C.t was found to adequately describe the load 
4P 
relaxation data (a = —r as t-x») . a and the estimates of the 
00 2 00 
TTD 
coefficients and were utilized to develop the relationship between 
t/t and n. 
m 
Comparison of and C^ estimates for model and prototype was 
considered adequate to determine whether or not model and prototype soil 
cores consisted of equivalent material. Model and prototype data with 
adequately equal 0^ and C^ values were selected to determine an estimate 
of (2+y )/z . Under the conditions that O = a and C„ = C-, 
s s CO 00 2 2 
m m 
(2+yg)/Zg = log (C^ /C^)/(-C2 log n) 
m 
Model and prototype data that had unequal 0^ values but equivalent 
C„ values were utilized to estimate z . It was reasoned that under these 2 s 
conditions Ç Ç and ari, = n, with a estimated by o / 0 . 
s s k k ' om' M 
m m 
1/C. 
This lead to being defined in the relationship (C^ /aC^) ^ = 
m 
87 
1/z -(2+y )/z 
a n . Results of estimates of (2+y^)/z^ from this analysis 
and the previous analysis were in good agreement except for the test 
series in which minor stress was applied. The discrepancy was considered 
to be caused by the additional distortion a ' f aa' since a ' = a'. 
^ mm
From the results of this study, the following conclusions were drawn: 
1. Principles of similitude can be effectively used to determine 
soil parameters pertinent in the study of soil-machine systems. 
2. Equivalent soil parameters in model and prototype soil cores may 
be provided by using the same soil at the same wet bulk density and 
moisture content. 
3. The results of this study lead to reasonable agreement of model 
and prototype tests from a past study (20) of the dynamic shearing 
resistance of cohesive soils. More data should be gathered for further 
evaluation of the techniques and results of this study. 
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SUGGESTIONS FOR FURTHER RESEARCH 
The applicability of the procedures and techniques developed in this 
study to define pertinent soil parameters should be verified using other 
soils. Data from soils with varying composition (high sand content to 
high clay content) should be used to investigate pertinent soil 
parameters. Some soil parameters may not be common to all soils. 
Different methods of testing other than load relaxation should be examined 
for equivalent results. 
The results of this study indicate that the procedures and techniques 
developed can be used effectively in pertinent parameter investigations. 
But our knowledge of all the pertinent soil parameters and their effect 
upon the dynamic response of soils remains too limited to develop 
comprehensive techniques for quantifying the pertinent soil parameters. 
After the dimensions of the pertinent soil parameters have been determined, 
then procedures and techniques to quantify them should be developed. 
The author suggests that a program of research be developed to 
determine the relationship of the variables influencing the response of 
soil-machine systems. Progress has been made by past research. From the 
research of others, it appears that distortion will be present in most 
model-prototype studies of soil-machine systems when the same soil is 
used for the model and prototype. The effects of soil parameters with 
the dimension of time, gravity and inertia may be significant in soil-
machine systems. If two or more of these effects are significant for a 
snil-marhlnp svsfftm. fhen rUsmrtlon will be oresent in a model study of 
89 
the system. Data from past research of others may be used to advantage 
for preliminary investigation of the relationships of the variables. 
» 
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VERTICAL AXIS CIRCUIT 
sw i  t ched a t  
HORIZONTAL AXIS CIRCUIT 
Opera t iona l  ampl i f ie r  Poten t iometer  Summer- i  nver te r  
log  X 
In tegra to r  Log X d iode  func t ion  genera to r  
COMPONENTS 
e j=  s t ress  re laxa t ion  s ig ina l  der ived  f rom the  load  re laxa t ion  
s igna l  on  magnet ic  tape  
E^= signal representing 
Bf "  f lu t te r  compensat ion  s igna l  
E =  cons tan t  vo l tage  used to  genera te  a  s igna l  represent ing  t ime,  t  
K *  poten t iometer  se t t ing ,  0^  K A  1  ;  used fo r  sca l ing  ou tpu t  
l o g  t  
e„oclog[(^(^ -CÛ dtl 
' C"U "W " -J 
Figure 32. Analog computer circuitry 
c  
C * +  L C G  R f c G r . t S S  I O N  A M " .  S  I  A T  .  A N A L  .  -  C .  c .  J Ù H N S L N  
d a t a  p o i n t s  t a k e n  f r o m  i n t e g r a l  C U R V E S  r O R  L u A O  k & L A X A T I C N  T E S T S  
M O D E L ,  L C G (  T I i - i L  I N T - G K A L  O P  ( S - A ) ) ^  L  G G  (  a / A  L P H  A + 1  )  +  (  A  L  H H A + 1  )  = ; M _ C C - (  T  )  
C 
D O U B L E  P R E C I S I C N  A B A f - ( 3 ) ,  S A  C o ) ,  b S ( 3 ) ,  A L S ( 3 ) ,  S E S  S A L S( i )  
D I M E N S I O N  6 ( 4 0 ) ,  T L ( ^  1  )  ,  A L P H A ( 4 0 ) ,  S ( 4 : ) ,  S M A ( 4 : ) ,  T ( ^ ; ) ,  S O I L ( - )  
1  ,  S M A L ( 4 3 )  
R E A L  M C  
I N T E G E R  S G ,  T I D  
S R 1 T £ {  3 ,  3  C I )  
3  : i  F O R M A T ( I H l )  
1  D O  2  J = 1 , 3  
A 3 A R ( J )  =  :  
S A {J ) = •: 
B S ( J )  =  C  
A L S I J )  =  : •  
S b 5 ( J )  =  :  ^  
S A L S ( J ) -  r  
2 GONTIiMUE 
.\i =c 
6 ( 5 9 )  =  C .  
A L P H A ( 3 9 )  =  C .  
R E A J ( 1 , 1 0 C )  J S , ( S l l L ( I ) , I - l , b  )  ,  A û O ,  A X G ,  N ,  ! s P ,  ,  - 1 .  1  
i : C  F 0 R U A T ( I 2 , 5 A 4 , F 8 . 6 , F 8 . 2 , I 5 , I 5 , F 7 . 3 )  
G  
G * f * *  J  S  -  T E S T  S E R I E S  1 0  
C * * a *  S C I L  =  S O I L  T Y P E  I  i J  
A b D  =  A V G .  B U L K  L i N S f T Y  
A M C  =  A V G .  M C I S T U K i :  L u ' N T c W T ,  D R Y  B A S I S  
C * * * *  N  =  N C .  C F  G U R V E S  F u r  T E S T  S E R I E S  
N P =  N O .  O F  D A T A  P L ' I . X T S  P E P .  G U P V . -
G * * - *  D E L T  =  T l ^ c  i N G h  E k E N T  ( S L G . )  S E T k E E L  S M A  V A L U E S  
G  
I F ( J S )  9 9 9 , 9 9 ^ , 6  
4  W R I T E  ( 3 , 3  I : )  
3 C C  F O R M A T ( I H l , / / / / / / )  
N 2  =  N P  -  2  
C * * * *  N 2  =  O E G R i f - b  O f -  P R c L ù G K  Ï ûR K E f - R E S S I O N  t R K G K  S U M  G r  S L U A P !  :  
C  
0 0  5  K = 1 , N P  
5  T ( K )  =  K - û t i L T  
?  N 3  =  0  
N S  C =  0  
I C  R E A D ( 1 , 2 0 : )  T I D , S r . ,  A ,  D ,  i M C ,  V 5  ,  (  S  , M A  (  I  ) ,  l = - l , a )  
: : c c  F C R V i A T (  1 5 ,  I  2  , F 6 .  3 , F 6 . 3  , r - c .  2 , 9 F 6 .  1 )  
I F  (  T  I D  )  ! > : ,  6 C  T  1 1  
1 1  R E A D (  1  , 2 0 1 )  ( S H A ( I )  , 1 = 9  ,  i \ P )  
; ! C 1  F 0 R M A T ( 7 X , 1 2 F 6 . 1 ,  I X )  
C 
C*: 
C*: 
C--
c*= 
c  ^  
c* 
C--
c 
T I D  =  T A P E  I D E N T I F I C A T I O N  C F  T E S T  R U N  
S C  =  S A M P L E  S I Z E  C G D E :  1 = 1 X 2 ,  2 = 1 . 2 5  X  2 . b  =  i . 5  X  b ,  4 -  2 X 4 ,  
* *  5  = 2 . 5  X  5  
* 4  A  =  S T E A D Y - S T A T E  S T R E S S  ( P S I )  B A S E D  O N  L ' Ï - I G U ^ a M  A E T A  Û  E  C O I -  E  =  ^  
4 4  D  =  W E T  6 U L K  D E N S I T Y  O F  C G R E ,  C h / C L  §  
4 4  M C  =  M O I S T U R E  C E N T  E  N T  C F  C O R E ,  P E R C E N T  u l Y  E . A S I S  
4 4  V S  =  V E R T I C A L  S C A L E  F A C T O R ,  P S I - S E C / I N L H  
4 4  S M A ( I )  =  V A L U E  E E  I N T E G R A L  O F  ( S ( I ) - A )  A T  T I M E ,  T ( I ) ,  R E A L  A S  N u .  I l l  L I N . S  
4 4  {  2 C  L I  N E S / I N C H )  
4 4  S ( I >  =  S T R E S S  A T  T l . ' - . E ,  ^  (  I  )  = - ~ 2  
Nl= N1 + 1 
S S  = 3  
S S S = L  
S T  = : :  
s s T  =  :  
S S L T L =  G  
YB=0 
S Y Y H = G  
S Y Y 3 = 3  
D O  2 0  K = 1 , N P  
Y B  =  Y B  +  (  S M A ( K )  4  V S  4  E . C 5 )  
S i M A L ( K )  =  A L n G ( S M A ( K ) 4  V S  4  1 . 0 5  )  
T L ( K )  =  A L O G ( T ( K ) )  
S S  =  S S  +  S M A L ( K )  
S S S  S S S  +  ( S M A L ( K ) * * ? )  
S T  =  S T  +  T L ( K )  
S S T  =  S S T  +  ( T L ( K ) * * 2 )  
S S L T L  =  S S L T L  + ( S M A L ( K ) X  T L ( K ) }  
2 C  C O N T I N U E  
Y 6  =  Y B / N P  
S L B A A  =  S S / N P  
T L i 3 A R  =  S T / i \ P  
C S S L  =  S S S  - ( S S * S S / N P )  
C S T L  =  S S T  - ( S T - S T / N P )  
C S S T  =  S S L T L  - ( S T * S S / N P )  
A L  =  C S S T / C S T L  
B ( M )  =  S L B A R  -  A L  *  T L B A K  
A L P H A ( N l )  =  A L  -  1 .  
S E 2  = ( C S S L  -  A L  *  C S S T ) / ( N P  -  2 )  
T B  =  B ( M ) / S Q R T (  S E 2  -  ( d / N P )  +  (  T L B A R ^ " ^ 2 / C S T L  )  )  )  
T A L  =  A L  / S Q K T (  S E 2 /  C S T L )  
C F T  = ( N P - 3 ( N 1 ) * B ( N 1 )  +  2 " N P * T L B A R - A L * B ( N l ) + S S T * ( A L * * 2 ) ) / ( 2 . - S H  
1 2  )  
8 { N 1 )  =  E X P (  B ( N 1 ) )  ^  (  A L P H A ( N l )  +  1  )  
D G  2 5  K = l ,  N P  
Y  =  S M A ( K )  »  V S  *  0 . 0 5  
Y H  =  ( B ( N i ) / A L )  *  ( T ( K ) * * A L )  
E ( K )  =  Y H  
Z I K )  =  Y  
S Y Y H  =  S Y Y H  +  ( Y - Y H ) * * 2  
2 5  S Y Y B  =  S Y Y B  +  ( Y - Y 6 ) * * 2  
R S  -  1 .  -  (  S Y Y H / S Y Y b )  
N 3 = N 3 + 1  
A B A R ( N i 3 )  =  A B A R ( N 3 )  +  A  
S A ( N 3 )  -  S A ( N 3 )  +  ( A * A )  
2 7  I F ( N 3 - i )  9 9 9 , 3 0 ,  4 C ,  
3  j  WRITf- :  (  3 ,  50. .  )  N3,  S^: ,  T  I  D.-  D,MC, A,  B(  Nl ) ,ALPHA (N1) ,T8,TAL,CFT,RS 
5 C C  F O R M A T ( I H  ,  1 1 X  ,  1 2 , 4 X ,  1 2 , 3 X , 1 5 , I X , F 6 . 3 , F 7 . 2 , F 6 . 2  , F 9 . 4  , 2 X , F 9 . 4  
1 , ? X , F I G . 3 , 2 X , F 1 C . 3 , 2 X , F 1 0 . 1 , F 8 . 4 )  
=  S T R A I N  S T E P  
B  =  C O E F F I C I E N T  IN kuGRtSSIGM MODEL = (^.  
C * * - *  A L P H A  =  C O E F F I C I E N T  I N  R E G K E S S I G N  M O D E L  =  6 ^  
C * * ^ *  T B  =  C A L C U L A T & D  T  S T A T I S T I C  F O R  B  U i \ O E R  H Y P O T H E S I S  T H A T  B -  "  
T A L  =  C A L C .  T  S T A T I S T I C  F H R  ( A L P H A + l )  U N D E â  H Y P O T H E S I S  T H A I  
A L P H A + l = C  
C * 9 t *  C F T  =  C A L C U L A I t C  F  S T A T I S T I C  F C R  M O D E L  U N D E R  H Y P C T H t S I S  T H A T  
C * * - *  M O D E L  D O E S  K C T  S I G N I F I C A N T L Y  R E D U C E  T H E  E R R O R  S U M  O F  S Q U A R E S  
C * 4 X *  R S  =  R  S Q U A R E D  B A S E D  O N  T H E  " O R I G I N A L "  D A T A  A N D  T H E  P R E D I C T E T  V A L U  
T H E  I N T E G R A L  O F  ( S ( l ) - A )  A T  T I M E ,  T ( I )  
C  
G O  T O  i C  
' tC WR1TE(3,600)  M3,  SC,  T IC,  A,  f;  (  N1 )  ,  ALPHA(M),  TB,  TAL,  CFl ,  RS 
6  : C  F G R M A T d H  ,  1 1  X  ,  I  2  , 4  X  ,  I  2  , 3 X  ,  I  5  ,  1 4 X  ,  F 6  .  2  ,  F 9 . 4  , 2 X , F 9 . 4  ,  2 X ,  F  I C  .  3 ,  2 X  
l , F i 0 . 3 , 2 X , F l C . .  1 ,  F  8 . 4  )  
I F ( N 3  - 3 )  1 0 , 5 0 , 9 9 9  
'5 ' :  N3=0 
I F ( N 1  -  N  )  1 0 , 6 0 , 6 3  
6  0  D O  a :  j = i , ï  
D O  8 0  K = J , N , 3  
B S ( J )  =  B S ( J )  +  8 ( K )  
A L S ( J )  =  A L S { J )  +  A L P H A ( K )  
S B S ( J )  =  S B S ( J )  + ( B ( K ) * B ( K ) )  
S A L S ( J )  =  S A L S ( J )  + ( A L P H A ( K ) ^ ; 2 )  
iû  CONTINUE 
NB = N/3 
J O  9  j  J = l , 3  
X X X  - ( S R S ( J )  - (  b S (  J  ) - - 2 / : j B  )  ) / (  N o  - 1 )  
S B S ( J )  =  S Q R T (  X X X  )  
X X X  = ( S A L S ( J )  -  ( A L S ( J ) ^ - 2 / N B ) ) / ( N B  - 1 )  
S A L S ( J )  =  S O R T I  X X X  )  
B S (  J )  =  E . S {  J )  / l \ B  
A L S ( J )  =  A L S ( J ) / N b  
X X X  -  ( S A ( J )  -  (  A b A r ; ( J  ) - = : = 2 / N f i  )  ) / ( N 3 - 1  )  
S A ( J )  =  S G R T (  X X X  )  
A B A R ( J )  =  A b A R ( J ) / i b  
I F  (  JS -  8 )  90,  8H, 9' :  
36 I F (  J - 2 ) 9C, 39, 8':-
6 9  N B  =  1 2  
9 C  C O N T I N U E  
D O  1 1 3  J = 1 , 3  
W R I T £  ( 3 , 7 : . : .  )  J ,  A 8 A R ( J ) ,  B S  (  J  )  ,  A L S ( J )  
7 : C  F O R M A T !  1 H : , 2 2 X , '  1 2 , 5 X ,  »  • , r 7 . ? . , '  ' , 3 X , «  
1  •  , F i : '  . 5  ,  4 X ,  •  • ,  F 8 . 4 )  
l i e  W R I T d ( 3 , 8  0 C )  S A ( J )  , S B S ( J )  ,  S A L S ( J )  
8 : :  F O R M A T * I H  , 3 3 X , »  ' , F 9 . 5 , 6 X , '  ' , F 1 C . 5 ,  4 X , '  
1 ',F1:.6) 
C  
c  
C * * * *  A B A R ( J )  =  A V G .  S T E A D Y  S T A T E  S T R E S S , C T ,  F O R  S T R A I N  S T E P  J  
C * * * *  B S ( J )  =  A V G -  E S T I M A T E  O F  6 .  F O R  S T R A I N  S T E P  J  
C * * * *  A L S ( J )  =  A V G .  E S T I M A T E  O F  G g  F O R  S T R A I N  S T E P  J  
C * * t *  S A ( J )  =  S T A N D A R D  D E V I A T I O N  O F  F O R  S T R A I N  S T E P  J  
C * * * *  S 3 S ( J )  =  S T A N D A R D  D E V I A T I O N  O F  F O P  S T R A I N  S T E P  J  
C * » * *  S A L S ( J )  =  S T A N D A R D  D c V I A T I O w  O F  ô g  F O R  S T R A I N  S T E P  J  o  
C  
c 
G O  T O  1  
9 9 9  C O N T I N U E  
W R I T  E ( 3 ,  3 0 1  )  
8 . 1  F O R M A T ( 1  H I )  
S T O P  
E N D  
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Appendix B. Data 
Definition of terms in Appendix B 
Appendix B contains the values of and for each stress relaxa­
tion curve determined by regression techniques. Other data given are 
defined as follows: 
Wet B.D. = Wet bulk density 
Std. dev. = Standard deviation 
M.C. = Moisture content, dry basis 
4P 
a = —T as t-«», where P = applied axial load and D = 
ïïD 
original diameter of soil core 
and are estimates of the coefficients of and in the model 
P'" 4P 1^ 2^+1 \ (—T - 0^) dt = t Equation 8 
J ttD^ 2+1 
0 
Calc. t = Calculated t statistic for estimated coefficient 
Calc. F = Calculated F statistic for the log regression model 
n ^ 2 
n2 T i=l 
R =1 where Y. = 
" - 2 ^ 
% (?!-?) 
i=l o 
i 
o«) dt, 
ÏÏD 
" ^1 ^2+1 — " Y = t and Y = Z Y./n, n = number of data points 
^2+1 ^=1 ' 
JS-7 nUASSEl tABDt LOAM 
:  B . D .  - 1 . 9 7 0 0  # m / c c ,  S t d .  d a * .  -  0 . 0 0 2 8  A v t .  M . C .  -  1 0 .  B I X .  S t d .  4 a * .  •  0 . 2 4 4 % ;  M  i l . t r » a a  o f  ( m a d a m  
C o i *  T a p a  M # t  m . D .  M . C .  e. t  C m l c .  t  C a l c .  r  
• l a *  I D  v a / c c  % p a t  l o # [ f l/(e2+lg ( f j + 1 )  
I  2 3 0 0  1 . 9 7 2  1 C . 3 2  2 . 6 2  0 , 4 3 0 2  - 0 . 2 4 2 5  - 1 2 . 7 0 5  3 5 . 1 1  7  2 C 5 6 . Î  
1  2 3 9 5  2 . 8 7  0 . 6 5 3 0  - 0 . 3 7 5 7  3 . 0 3 6  8 7 . 0 7 4  2 7 C  6 4 . e  
I  2 4 9 0  2 .  1 8  0 . 6 2 7 2  - C . 3 5 5 0  - 2 . 1 9 4  1 0 4  .  7 3 4  3 5 6 2 2 . 0  C  . 9 9 6 ^  
I  2 5 8 0  1 . 9 7 3  1 0 . C  2  2 . 5 0  0 . 5 6 6 1  - 0 . 3 8 4 9  — 6 . 7 6 1  1 0 3 . 6 2 2  2 2 2 4 0 . 5  0 . 9 : 4 ?  
1  2 6 7 4  2 .  2 5  0 .  6 2 0 3  - 0 . 4 0 2 3  2 . 9 5 8  9 8 . 7 5 2  3 4 5 2 7 . 9  0 . C Q 7 Î  
I  2 7 6 9  2 . 1 C  0 . 5 6 2 4  - C . 4 0 4 1  - 2 . 8 5 9  to. 794 1 1 4 6 8 . 8  G . 9 9 1 9  
1  2 8 6 2  1 . 9 7 6  1 0 . 5 2  1 . 9 7  0 . 4 7 5 0  - 0 . 4  1 8 1  - 8 . 7 0 8  5 1 . 5 6 6  6 5 9 4 . 5  C . 9 C 1 4  
1  2 9  6 0  1 . 8 5  0 . 5 8 9 0  - 0 .  3 6 9 C  - 4 . 9 1 4  9 2  . 9 0 7  2 6 5 0 8  . 8  0 . 9 9 * 4  
1  3 0 5 3  I  . 7 5  0 . 5 2 4 4  - 0 . 4 C 6 1  - 1 9 . 1 1 1  1 8 8 . 3 2 6  9 9 9 0 6 .  4  C . 9 9 9 }  
2 3 1 4 7  1 . 9 7 C  1 0 .  8 3  2 . 5 4  0 . 6 5 7 6  - 0 . 3 3 8 5  - 0 . 4 3 1  1 0 0  . 4 1 5  3 3 6 9 5 . 2  C . 9 9 7 Q  
2  3 2 4 4  2 . 3 1  0 . 6 3 6 7  - C . 3 8 2 1  3 .  3 6 *  1 4 3 .  3 3 6  7 1 S 5 7 . 8  0.99é9 
2  3 3 4 2  1  . 6 1  0 . 5 1 7 C  - 0 . 3 7 1 7  - 1 4 . 8 1 4  9 8 . 6 0 8  2 4 9 8 7 . 4  0 . 9 9 7  1  
2  3 4 3 7  1 . 9 6 9  1 0 . 6 6  2 .  9 1  0 .  6 2 6 0  - 0 .  3 4 2 4  - 3 . 2 2 5  8 9 . 1 0 0  2 5 1 0 7 . 3  0.99T5 
2  3 5 3 4  2  . 6 5  0 . 6 2 6 * *  - C . 4 0 0  3  4 .  3 1 6  1 2 2 . 4 9 6  5 3 5 9 6 . C  C.c9f) 
2  3 6 3 2  2 . 1 0  C . 5 2 C 1  - 0 . 3 5 8 1  - 8  . 4 4 4  5 3 . 1 6 1  7 1 4 4 . 5  C.991-. 
? 3 7 2 6  1 . 9 6 7  1 0 . 7 3  2 . 4 4  0 . 5 7 2 1  —  C .  3 6 5  8  - 7 .  7 1 3  9 7 . 9 7 2  2 4 1 5 0 . 1  C  . 9 3  7  3  
2  3 9 2 4  2 . 0 0  0 . 5 6 3 C  - 0 . 3 9 3 7  -  1 0  .  1 0 9  1 7 0 . 6 0 5  8 8 3 8 6 . 9  c.99<; 
2  3 9 1 8  1 .  2 6  0 .  4 0 5 2  - 0 . 3 7 8 4  - 3 8 . 4 7 4  1 1 5 . 3 8 3  2 3 6 1 0  . 8  C  . < 9 7  5  
3  4 0 1 6  1 . 9 7 0  1 0 . 9 8  2  . 6 2  0 . 5 4 2 6  - 0 . 3 8 2 9  - 1 1 . 8 6 3  1 1 7 . 5 1 4  3 8 8 0 9 . 0  (.9974 
3  4 1 1 6  1 . 9 9  0 . 5 1 1 8  - 0 . 4 0 5 3  - 2 1  . 1 7 9  1 7 3 . 2 1 6  8 1 2 5 7 . 1  0.998 7 
3  4 2 1 3  1 . 7 9  0 . 5 0 9 3  - 0 . 4 0 1 4  - 1 8 . 6 8 0  1 4 1  . 1 7 6  5 2 9 7 5 . 6  r .99*7 
3  4 3 0 8  1 . 9 7 0  1 0 . 8 6  2  . 9 8  0 . 5 2 2 0  - 0 . 3 8 3 2  - 1 5 . 4 5 5  1  1 7 . 9 1 3  3 7 ' - 4 1 .  Î  C.9S» P 
3  4 4 C B  2 .  9 6  C .  5 8 3 9  - 0 .  3 7 8 0  - 7  . 7 8 3  1 5 8 . 3 4 5  7 7 5 1 2 . 7  C.99ÇP 
3  4 5 0 7  2 . 6 1  0 .  5 1  8 7  - C . 3 9 0 4  -  1 8 .  2 5 1  1 4 2 . 2 8 6  5 4 2 1 9 . 8  0 . 9 c t  3  
3  4 6 0 6  1 . 9 7 2  1 0 . 8 2  2 . 8 2  0 . 4 9 7 1  - 0 . 3 5 8 6  - 4 9 . 6 3 9  2 5 7 . 0 8 3  1 5 7 6 9 6 . 1  r . 9 ç e s  
3  4 7 C 4  2 . 7 2  0 .  5 5 C 4  - 0 .  3 9 1  3  - 1 4 . 7 8 9  1 8 4 . 6 7 5  9 9 7 7 7  . 1  0 . 9 9 9 :  
3  4  8 0 2  2 . 5 0  0 . 4 7 3 3  - 0 . 4 0 1 2  - 2 6 . 7 5 1  1 4 0 . 6 7 5  4 7 C 0 5 .  5  C . 9 C 7 6  
4  4 9 3 8  1 . 9 6 9  1 0 . 8 8  3 .  1 8  0 .  6 7 7 7  - 0 - 4 1 2 9  1 8  . 4 4 6  1 5 5 . 9 0 6  9 9 2 8 5 . 4  0 . 9 9 = 6  
4  5 0 3 8  3 . 6 9  0 . S 6 0 C  - C . 4 0 5 2  1 3 . 7 0 3  1 6 1 . 8 0 4  I C I  3 8 0 . 5  0 . 9 9 = 7  
4  5 1 3 5  3 . 3 1  0 . 6 2 9 4  - 0 . 4 0 8 6  9 . 0 8 1  1 7 8 . 0 2 1  1 1 6 1 8 7 . 4  0 .  
4  5  2  3 7  1 . 9 * 3  1 1 . 0 8  3 . 4 5  0 . 5 Z 4 t  - C .  3 7 2 0  - 1 0 . 3 1 2  7 4 . 2 9 4  1 4 4 9 3 . 4  C .994 1 
4  5 3 3 5  3 . 4 8  0 . 6 C 0 0  - C . 4  1 0 4  1 .  7 5 6  1 2 1 . 4 9 7  5 C 9 2 Î . 2  3 . 9 9  7 '  
4  5 4 3 5  3 . 7 4  0 . 5 7 9 5  - C . 4 3 2 4  1  . 7 6 8  9 9  . 6 3 3  3 4 4 3 4 . 8  C . < 9 t l  
5 5 5 3 7  1  . 9 6 8  1 1 . 0 4  2 . 9 6  0 . 5 C 8 7  - C .  3 8 8 1  - 4 9 . C 8 9  3 3 5 . 8 5 2  2 9 2 1 0 2 . 4  0 . 9 9 9 6  
5 5 6 3 4  2 . 8 6  0 . 4 8 7 6  - 0  . 4 3 2 1  - 2 5 . 9 9 9  1 9 9 . 8 2 3  1 3 6 5 6 8 .  4  C . 9 9 P 7  
5 5 7 3 9  2 .  6 4  C .  4 8 4 4  —  C .  4 0 5 6  - 2 9 . 2 5 4  1  7 5 . 5 0 7  7 6 7 1 1 . 3  C  . 9 9 P 7  
5 5 8 3 5  1 . 9 6 9  1 1 . 2 2  2  . 5 8  0 . 4 8 0 7  - 0 . 3 7 6 4  - 1 0 1 . 5 0 2  5 0 2 . 1 3 8  5 8 6 1 4 0 . 5  C . 9 9 9 B  
5  5 9 3 7  2 . 5 6  0 . 4 6 2 8  - 0 . 4 1 9 1  - 3 9 . 5 1 4  2 0 8 . 4 4 5  1 0 3 5 2 2 . 1  0.99*9 
5  6 0 3 7  2 . 3 9  0 . 4 3 3 3  - C . 4 1 0 9  - 5 4 . 8 9 5  2 1 7 . 3 6 4  9 9 2 8 3 . 5  0 . 9 9 8 9  
S t K l a  a t n l  * T g .  % - 2 . 7 3 6  p a l  A * « .  - 0  . 5 4 4 6 5  A * » .  C j  - —  C .  3 6 6 * 1  
S t d .  d a * .  - 0 .  3 7 4 1 5  p a l  S t d .  d # v .  •  c . 0 7 3 5 0  S t d .  d # v .  •  0 . 0 4 3 8 8 0  
S t r a i n  •  t a p  2  A w « .  C T »  - 2  . 6 3 0  p a l  À * » .  6 ^  0  . 5 8 0 3 7  A * m .  •  - 0 .  3 9 7 3  
S t d .  d # v ,  "  0 . 5 5 9 4 5  p « i  S t d .  d a * .  •  0  . 0 6 2 7 8  S t d .  d a * .  - 0 . 0 1 H 1 0 2  
S t r a i n  s t e p  3  A T I .  % - 2 . 3 0 6  p a l  A * g .  Ô j  0  . 5 2 1 7 8  A * g .  - 0 . 3 9 4 2  
S t d .  d « T .  "  0 * 6 8 0 5 6  p a l  S t d .  d a v .  #  0  . 0 6 6 5 0  S t d .  d a * .  •  0 . 0 2 2 4 1 5  
re 33 List of estimates of 0 , C, and Co oo ' 1 2 
O 
Ln 
J S -e L L O T D  C L A T  
• I n  C o n  
•itc 
T a p *  W a t  B . D .  
1 0  g a / c c  
M . C .  
%  
Ct 
p a l  
f i < = 2 S  
7  1 0 9  
7 2 S C  
7 4 7 4  
7 6 5 5  
7 9 3 c  
a g i ?  
8 2 : 3  
0 3 9 1  
6 5 7 9  
6 7 7 0  
8 9 6 1  
9 1 5 1  
9 3 - 3  
9 5 : 3  
9 7 3 5  
9 9 2 9  
1 0 1 2 5  
1 1 3 5 4  
1 2 1 6 2  
1 2 3 7 4  
1 2 5 8 7  
1 2 5 1 1  
1 3 C 2 7  
1 3 2 5 6  
1 3 4 7 7  
1 3 7 C 4  
1 3 9 3 2  
1 4 1 5 6  
1 4 3 9 :  
1 0 3 2 3  
I C 5 2 2  
1 3 7 2 1  
1 0 9 2 2  
2 1 1 1 2 5  
2  1 1  3 2 9  
2  1  1 5 3 7  
2  1 1 7 4 3  
1. 62? 
1 . 6 2 C  
1 . 6 ? C  
1  . 6 2 6  
1  . 6 2 8  
I .6?1 
1 . 6 2 C  
1 .  6 2 C  
1 . 6 1 8  
1 . 6 2 C  
1  . 6 2 1  
1 . 6 2 2  
1 .  t 2 C  
1 9 .  5 2  
1 9 . C 7  
1 9 . 6 7  
1 9 . 5 8  
1 9 . 1 1  
1 9 . 1 7  
1 9 . 6 9  
1 9 . 6 9  
1 9 .  5 5  
1 9 . 6 3  
1 9  . 5 3  
1 9 . 4 3  
1 9 .  2 6  
9 . 9 0  
1 1  . 4 9  
11.21 
9 .  6 4  
I C  . 3 C  
9 . 9 4  
9 .  9 0  
IC .24 
9 . 6 7  
I 1 .et 
1 0 . 7 4  
9 .  3 6  
9 .  1 8  
e .  7 - .  
7 . 3 :  
1 0 . 1 1  
1 1 . 6 6  
II . Î5 
1 1 . 1 6  
1 2 .  9 9  
1 3 . 6 2  
1  1  .  3 4  
1 2 . 6 7  
1 2 . 6 7  
10.  18  
1  1  . 6 3  
1 1 . 9 1  
9 . 6 0  
1 1 . 2 5  
1  1 .  3 6  
1 0 . 9 0  
1 1 . 7 6  
1 1 . 4 6  
1  1  . 3 0  
1 1 . 3 8  
10.39 
1 2 . 1 1  
1 2 . 7 5  
1 . 0 1 5 1  
1 . 1 6 2 3  
1.1166 
1. '•,9 35 
1 . 1 C 9 4  
C . 9 9 4 4  
1 .  2  3 e c  
1  . C 7 D c  
1 . 1 4 0 0  
1  - 7 C 9 5  
1 . 5 9 6 2  
1 .  2 5 9 7  
1 . 4 P C C  
1 . 3 5 2 0  
1 . 2 1 1 6  
1 . 5 5 1 9  
1 .  5 9 1 7  
1 . 3 P S 9  
0.9606 
1.0778 
0  . 9 6  2 7  
1 . 0 9 2 4  
1 . C 4 2 8  
1 . 0 2 9 1  
0 .  7 9 8 2  
0 . 9 0 2 6  
0 . 8 6 5 5  
0 . 8 5 9 5  
0 . 9 9 1  1  
0 .  @ 6 4 9  
1 . 4 2 0 4  
1 . 3 2 7 4  
1. 2eu 
1 . 3 1 3 * .  
1. 26oc 
1 . 1 9 0 5  
1 .*645 
1.3593 
.  M.I C .  «  1 9 .  ,  S t d .  d # v .  -  0 . 3 2 6 X :  1 8  d r n g r e e m  o f  f r # # d o #  
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Appendix C. Analysis of Variance of o^, and 
Definition of terms in Appendix C 
Appendix C (Figure 35) contains the analyses of variance of 
and for each data set. The statistical model utilized was 
where 
y , =  a n  o b s e r v e d  v a l u e  o f  a  ,  C ,  o r  C „  
^ijk^ («' 1 2 
Uy = mean of the y population 
A^ = core size effect due to core size i; 1=1, 2, 3, 5 
= strain history effect due to strain step j; j - 1, 2, 3 
AB^j = interaction of i th core size and j th strain step 
3^ = regression coefficient of moisture content deviation (x^-x^) 
6^ = regression coefficienL of wet bulk density deviation 
— 3 
effect, (Xg-Xg) 
e = error assumed to be normally and independently distributed 
ijk^ 
with common variance, k^ = k^ = k^ = 3, k^ = k^ = 2 
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DATA SET - JS-7 
Source df 
Sum of 
squares 
Mean 
square Calc. F 
ANOV of O 
A 
B 
AB 
Covariants 
(xg-xg) 
(Xi-Xi) 
Error 
4 
2 
8 
1 
1 
22 
4.91895 
0.97883 
0.94079 
3.40370 
0.14780 
1.56880 
1.22965 
0.48942 
0.11760 
3.40370 
0.14780 
0.07131 
17.24** 
6.86**  
1.64 
47.73** 
2.07 
ANOV of C, 
A 
B 
AB 
Covariants 
, ,3 (xg-xg) 
Error 
4 
2 
8 
1 
1 
22 
0.04566 
0.01813 
0.04461 
0.00096 
0.02205 
0.05197 
0.01142 
0.00906 
0.00558 
0.00096 
0.02205 
0.00236 
4.83** 
3.83* 
2.36 
4.06 
9.33** 
ANOV of C, 
A 
B 
AB 
Covariants 
(X2-X2)^ 
(Xi-Xi) 
Error 
4 
2 
8 
1 
1 
22 
0.0028600 
0.0070400 
0.0017000 
0.0000002 
0.0125800 
0.0159700 
0.0007200 
0.0035200 
0.0002100 
0.0000002 
0.0125800 
0.0007260 
<1 
4.84* 
<1 
<1 
17.34** 
* Significant at the 5% level. 
**Significant at the 1% level. 
Figure 35. Analysis of variance of a and C^ 
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DATA SET - JS-8 
Source df 
Sum of 
squares 
Mean 
square Calc. F 
A 
B 
AB 
Covariants 
/ \3 
(Xg-Xg) 
Error 
4 
2 
8 
1 
1 
21 
ANOV of 0^ 
25.%510 
5.22410 
7.20250 
1.07830 
5.92020 
16.80180 
6.39128 
2.61205 
0.90031 
1.07830 
5.92020 
0.80010 
7.98** 
3.26 
1.12 
1.34 
7.39* 
A 
B 
AB 
Covariants 
("r-i) 
Error 
4 
2 
8 
1 
1 
21 
ANOV of Cj 
0.55450 
0.06980 
0.10790 
0.57010 
0.44660 
0.15420 
0.13862 
0.03490 
0.01349 
0.57010 
0.44660 
0.00730 
18.98** 
4.78* 
1.84 
78.09** 
61.17** 
A 
B 
AB 
Covariants 
(xg-xg)^ 
(x^-X^) 
Error 
4 
2 
8 
1 
1 
21 
ANOV of C, 
0.00689 
0.01947 
0.00188 
0.00047 
0.00317 
0.00791 
0.00172 
0.00974 
0.00024 
0.00047 
0.00317 
0.00038 
4.53** 
25.61** 
<1 
1.23 
8.34** 
* Significant at the 5% level. 
**Signifleant at the 1% level. 
Figure 35. Continued 
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DATA SET - JS-9 
Sum of Mean 
Source df squares square Calc. F 
ANOV of a 00 
A 4 69.74790 17.43698 74.35** 
B 2 39.55330 19.77665 84.33** 
AB 8 6.45830 0.80729 3.44* 
Covariants 
3 (Xg-Xg) 1 0.78870 0.78870 3.36 
1 0.12570 0.12570 <1 
Error 22 5.15820 0.23450 
ANOV OF C^ 
A 4 6.28500 1.57125 9.49** 
B 2 0.15970 0.07985 <1 
AB 8 0.96420 0.12053 <1 
Covariants 
3 
(Xg-Xg) 1 0.30440 0.30440 1.84 
1 3.59460 3.59460 21.72** 
Error 22 3.64060 0.16550 
ANOV OF Cg 
A 4 0.00390 0.000980 <1 
B 2 0.01775 0.008875 3.32 
AB 8 0.00849 0.001060 <1 
Covariants 
1 0.00422 0.004220 1.58 
1 0.00101 0.001010 <1 
Error 22 0.05879 0.002670 
* Significant at the 5% level. 
**Significant at the 1% level. 
figure 35. Continued 
117 
DATA SET - JS-10 
Source df 
Sum of 
squares 
Mean 
square Calc. F 
ANOV of a 
A 
B 
AB 
Covariants 
3 (Xg-Xg) 
Error 
4 
2 
8 
1 
1 
22 
132.272 
232.450 
6.791 
21.289 
173.744 
70.584 
33.06800 
116.22500 
0.84888 
21.28900 
173.74400 
3.20800 
10.30** 
36.22** 
<1 
6.64* 
54.15** 
A 
B 
AB 
Covariants 
/ \3 
(X2-X2) 
(Xi'Xi) 
Error 
4 
2 
8 
1 
1 
22 
ANOV of Cj 
7.87030 
2.58970 
0.52070 
12.68310 
79.54040 
2.18170 
1.96758 
1.29485 
0.06509 
12.68310 
79.54040 
0.00990 
198.74** 
130.79** 
6.57** 
1,271.12** 
8,034.38** 
A 
B 
AB 
Covariants 
, ,3 
(-2-2' 
Error 
4 
2 
8 
1 
1 
22 
ANOV of C, 
0.00386 
0.00270 
0.00267 
0.00513 
0.01746 
0.00522 
0.00096 
0.00135 
0.00034 
0.00513 
0.01746 
0.00024 
4.02* 
5.62* 
1.43 
21.62** 
73.65** 
* Significant at the 5% level. 
**Significant at the 1% level. 
Figure 35. Continued 
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DATA SET - JS-11 
Source df 
Sum of 
squares 
Mean 
square Calc. F 
ANOV of a 
A 
B 
AB 
Covariants 
(Xg-Xg) 
Error 
4 
2 
8 
1 
1 
22 
269.119 
70.723 
17.457 
1.878 
9.297 
18.858 
67.279750 
35.361500 
2.182125 
1.878000 
9.297000 
0.857200 
78.48** 
41.25** 
2.54 
21.91** 
10.84** 
A 
B 
AB 
Covariants 
x ,3 (Xg-Xg) 
(Xi-Xi) 
Error 
4 
2 
8 
1 
1 
22 
ANOV of Cj 
0.73390 
0.86670 
0.85530 
0.02230 
0.02940 
0.23760 
0.18348 
0.43335 
0.10691 
0.02230 
0.02940 
0.01080 
16.98** 
<1 
9.89** 
2 .06  
2.72 
A 
B 
AB 
Covariants 
, ,3 
(Xg-Xg) 
(Xi-Xi) 
Error 
4 
2 
8 
1 
1 
22 
ANOV of C. I 
0.00249 
0.02168 
0.00410 
0.00313 
0.00066 
0.00776 
0.00062 
0.01084 
0.00051 
0.00313 
0.00066 
0.00035 
1.77 
30.97** 
1.46 
8.87** 
1.87 
**Signifleant at the 1% level. 
Figure 35. Continued 
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DATA SET - JS-12 
Sum of Mean 
Source df squares square Calc. F 
ANOV of 
A 4 68.7810 17.1952 162.07** 
B 2 0.3239 0.1619 1.53 
AB 8 1.9464 0.2433 2.29 
Covariants 
(x_-x_)3 1 2.8648 2.8648 27.00** 2 2 
1^~^ 1 
Error 22 2.3348 0.1061 
(x^-x ) 1 4.2052 4.2052 39.63** 
ANOV of C^ 
A 4 0.4069 0.1017 4.58** 
B 2 0.5307 0.2653 11.95** 
AB 8 0.2405 0.0300 1.35 
Covariants 
(x_-x_)^ 1 0.0105 0.0105 <1 2 2 
Ci-Xi 
Error 22 0.4899 0.0222 
(x^-x^) 1 0.0453 0.0453 2.04 
ANOV of C, 
A 
B 
AB 
Covariants 
, ,3 
(X2-X2) 
(x^-x^) 
Error 
4 
2 
8 
1 
1 
22 
0.00100 
0.01042 
0.00344 
0.00042 
0.00091 
0.01369 
0.00025 
0.00521 
0.00043 
0.00042 
0.00091 
0.00062 
<1 
8.40** 
<1 
<1 
1.47 
**Significant at the 1% level. 
Figure 35. Continued 
